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ABSTRACT 
 Extraction chromatographic resins employ the selectivity of solvent extraction methods 
with the ease of chromatographic techniques.  This work sought to explore the behavior of 
plutonium and uranium on a specialized N,N,N’,N’-tetrakis-2-éthylhexyldiglycolamide (TEHDGA) 
resin manufactured by Eichrom Technologies.  This resin was able to selectively remove 
elements of interest by taking advantage of the differences in extracting metal-nitrato 
complexes, charge density, and steric effects.  The goal was to evaluate a proposed separation 
scheme to remove and purify plutonium and uranium from a digested soil sample containing 
relatively large concentrations of alkali, alkaline earth, and transition metals in nitric acid which 
could potentially pose issues in separating the elements of interest. 
 Experiments were done to better understand the sorption behavior of these actinides 
with the resin with varying concentrations of iron, as well as in different acidities.  These batch 
sorption experiments described the distribution coefficients for these actinides in different 
acids, which were useful in determining the number of free column volumes to peak maximum 
values.  The measured distribution coefficients for the actinides in digested soil were 
significantly less than the respective values for the actinides in pure acid. 
 A separation scheme was tested to separate plutonium and uranium, as well as 
monitoring the behavior of europium.  The separation was able to collect 75% of the loaded 
uranium in 0.34 bed volumes with 100% of the alpha activity due to U.  The separation was also 
able to collect 94% of the loaded plutonium in 0.64 bed volumes with 99% of the alpha activity 
due to Pu.  The separation gave excellent recovery with 97% of the loaded plutonium and 84% 
of the loaded uranium recovered.  
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CHAPTER 1: INTRODUCTION 
 
1.1. Nuclear Forensics 
 Since the first seizures of illicit nuclear materials in the early 1990s, governments have 
been concerned with illicit trafficking and have sought ways to prevent nuclear proliferation, as 
well as methods for detecting and responding to malicious acts involving radioactive materials 
(Schenkel et al. 2003).  Forensic science seeks to determine the nature, intended use, and origin 
of seized materials.  By utilizing detailed analytical techniques, scientists can answer questions 
regarding radioisotope presence and purity, material age, chemical form, and other nuclear 
fingerprints.  Under the scope of international safeguard activities, environmental samples near 
nuclear facilities or equipment swipes can be analyzed.  After identifying the isotopes, scientists 
create a profile of the physical and chemical properties, indicating the source of the material.  
Comprehensive databases of known nuclear material sources make the success of such profiling 
more likely.  Many of these techniques are also useful in responses to malicious events. 
 Nuclear fingerprints characterize nuclear material and consist of macroscopic properties 
such as pellet and casing dimensions and microscopic properties like particle morphology, 
particle size and distribution, porosity size distribution and density, dislocation density and 
character, and phase precipitation (Joint Working Group of the American Physical Society and 
American Association for the Advancement of Science 2008).  Fingerprinting also includes 
isotopic composition and elemental composition, including major and minor elements and 
impurities.  Chemical and isotopic compositions are the primary concerns and will determine 
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the nature of a sample, its age, and potential source.  In some cases, samples may contain 
several components that may have been deliberately contaminated and in these instances the 
microstructural parameters can be useful because they can only be changed by complete 
reprocessing (Schenkel et al. 2003, 12).  Tables 1.1 and 1.2 show the relevant signatures for 
plutonium and uranium. 
Major elements plutonium and uranium will determine what type of fuel was used.  
Minor elements act as poisons in the fuel (examples include erbium and gadolinium) or phase 
stabilizers for plutonium (gallium).  Other trace elements point toward specific processes, such 
as iron and chromium from stainless steel equipment or calcium, magnesium, and chlorine 
from water-based cleaning procedures (Joint Working Group of the American Physical Society 
and American Association for the Advancement of Science 2008, 41).  Isotopic signatures 
provide irrefutable evidence as to whether the material came from a nuclear reactor as well as 
indications of what type and the operating conditions.  Other trace and short-lived daughter 
isotopes from radioactive decay can give information as to how much time has passed since the 
material was last chemically processed. 
Following a nuclear event, the four primary goals for government are 
 
1) Prevention of additional detonations of nuclear devices, 
2) Execution of forensic teams searching for evidence leading to the identification and 
source of the nuclear material, as well as attribution for the individuals responsible 
for the event, 
3 
 
3) Provisions for response and recovery efforts for the affected site, 
4) Management of expectations and information for the general public (Joint Working 
Group of the American Physical Society and American Association for the 
Advancement of Science 2008). 
 
Of primary scientific importance is the second goal, that of analysis and attribution for parties 
responsible.  Though the process of investigating the nuclear forensics of such an event may 
not yield information immediately, the information gained is nevertheless essential to providing 
governments with key insight into potential individuals responsible. 
 By employing various techniques to determine attribution, scientists are able to uncover 
the identification of the nuclear material (uranium or plutonium, for example), as well the 
source (enrichment facility or raw material).  Scientists may also narrow the scope of the search 
by probing for certain chemical or isotopic fingerprints, such as lanthanide concentrations or 
ratios of certain isotopes.  The decay of nuclear materials leads to the growth of daughter 
products, indicating a built-in chronometer which can be used to provide keen insight into the 
time since the last chemical separation of the material. 
 Speed will be of the essence, and governments will find it necessary to employ methods 
of detection that are both effective and efficient at analyzing samples.  Nuclear forensics may 
also determine the extent to which an event affected the site and assist in identifying where 
resources should be sent to best allay concerns for safety. 
In recent round robin tests conducted by the Round-Robin Task Group, working under 
the Nuclear Smuggling International Technical Working Group (an international cooperation 
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created in 1996 to resist illicit nuclear material trafficking under the auspicies of the P-8 Non-
Proliferation Experts Group), several laboratories from around the world participated in an 
exercise to prioritize forensic techniques, assess attribution capabilities, and explore the utility 
of existing nuclear material databases (Dudder, Hanlen, and Herbillon 2003, 41–43).   Table 1.3 
lists the laboratories that participated in the task.  The laboratories analyzed two types of 
materials: a plutonium-oxide material originating from a non-proprietary civilian reactor cycle 
within the European Union, and a high-enriched uranium oxide material of undeclared history 
provided by the Czech Nuclear Research Institute.  The first phase of the round-robin task 
required the individual laboratories to analyze the samples, and the second phase consisted of 
evaluating techniques and methods used in analysis, as well as the capability and utility of 
existing databases as a group.  The results of the round-robin showed the following: 
 
1) Within 24 hours, the laboratories were able to address health and safety matters, 
protect fingerprint evidence, and discern if highly-enriched uranium was present.  In 
some cases, the laboratories were able to give initial indications of relative 
abundances of other uranium isotopes.  All labs were able to label the material as a 
radioactive hazard. 
2) Within one week, most of the laboratories were able to locate fingerprints, that is, 
assess accurate isotopic and elemental analyses, describe the material as weapons-
grade, and determine potential applications and uses for the highly-enriched 
uranium sample. 
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3) Within two months, confirmation results were completed to determine final 
attribution of the samples.  The laboratories were unable to identify the fingerprints 
in the highly-enriched uranium sample and several were unable to find plant 
material indications.  All were able to accurately describe the plutonium oxide 
sample.  Databases were found to be lacking in comparing nuclear forensic results.  
There was good agreement between laboratories as to certain uranium isotopes. 
 
Clearly, there is a great need for specialized field-deployable devices that can be utilized in the 
case of a nuclear event to provide rapid results for nuclear forensics.  Other assessments have 
shown that in best case scenarios, a complete analysis of nuclear material will take on the order 
of at least a month (Joint Working Group of the American Physical Society and American 
Association for the Advancement of Science 2008, 43).  The focus of this work was on a rapid 
radiochemical separation scheme for separating plutonium and uranium from complex soil 
matrices.  This separation scheme utilized gas-pressurized micro-chromatographic columns and 
highly specific extraction chromatography resins for separating elements of interest.  This 
separation scheme can then be optimized for use in simplified field analyses, such as a system 
being developed at Argonne National Laboratory that uses magnetic microbeads within a 
microfluidic system and onboard a portable mass spectrometer for isotopic information. 
 
1.2. Aqueous Solutions of Electrolytes 
An aqueous electrolyte solution is a homogeneous mixture of a solvent (generally 
water) and an electrolyte (Marcus and Kertes 1969, 1–9).  The solution is defined by stating the 
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number of moles of each component: NW moles of water and NG moles of the electrolyte 
solute.  The electrolyte dissociates into ν ions, of which ν+ are cations with z+e charge ν- are 
anions with z-e charge.  Equations 1.1a and 1.1b summarize the conservation of charge:  
 
                     (1.1a)
                   (1.1b) 
 
In dissolution of electrolytes in solvents, it is important to understand the free energy, G, of the 
solution.  Free energy is defined as the sum of the free energies of the water and the 
electrolyte and the free energy of mixing, GM.  Equation 1.2 summarizes free energy: 
 
                 
        (1.2) 
 
At a given temperature and pressure, the molar free energy of the solution depends 
only on the composition of that solution.  Assuming constant temperature and pressure, the 
chemical potential, μ, of a component is the partial free energy or the free energy change when 
a mole of the component is infinitely diluted in the solution.  The chemical potential can be 
expressed by the relation between the standard state of the substance and it activity.  Because 
the solution is in equilibrium with the solvent vapor, Equations 1.3a-c expresses the chemical 
potential of the solvent water and the solution in our theoretical solution: 
 
     
  
   
 
  
    
               (1.3a) 
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                                              (1.3b) 
      
              
 
  
      (1.3c) 
 
where aw is the activity of the solvent, p/p
0 is the ratio of the vapor pressures or fugacities, R is 
the gas constant or 8.314 J/mol K, and T is the temperature of the solution.  The standard state 
for vapor is pure water at 1 atm at the specified temperature having vapor pressure p0.  This is 
the same standard state for the solution. 
 Electrolytes are generally only partially soluble in water, so it is not convenient to use 
the pure solid electrolyte as the standard state.  The chemical potential for the electrolyte is 
given by Equations 1.4a-c: 
 
     
  
   
 
  
    
               (1.4a) 
  
             
                 
                  (1.4b) 
              
                         (1.4c) 
 
Here the standard state is now the hypothetical state of a solution at unit electrolyte activity, 
with the same properties as the reference state or the ideal solution at infinite dilution.  Ideal 
solutions are achievable at very high dilutions and are the limit at infinite dilution.  An ideal 
solution can be defined by Equations 1.5a and 1.5b: 
 
    
            (1.5a) 
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                           (1.5b) 
 
where ΔH and ΔS are the changes in enthalphy and entropy respectively, and x is the mole 
fraction.  For the electrolyte, the mole fraction can be found by Equation 1.6: 
 
    
  
      
  
  
             
      (1.6) 
 
Utilizing ΔG = ΔH - TΔS and Equations 1.2 and 1.4a-c gives Henry’s Law, Equation 1.7: 
 
    
   
  
                 (1.7) 
 
Because solutions are not always in the reference state, the activity of the electrolyte is 
related to its concentration by use of the activity coefficient.  For the mole fraction, xG; molal, 
mG; and molar, cG, concentration scales, the stoichiometric activity coefficients (fG, γG, and yG 
respectively) and mean ionic activity coefficients (f±, γ±, and y± respectively) are given by 
Equations 1.8a-c: 
 
    
     
   
  
    
    
   
   
         
          
       (1.8a) 
    
     
   
  
    
    
   
   
         
          
       (1.8b) 
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       (1.8c) 
 
Using the definition of the standard state for the electrolyte, as the solutions approach 
infinite dilution, 
 
                   (1.9a) 
                   (1.9b) 
                   (1.9c) 
 
The activity coefficients are related to each other by Equation 1.10: 
 
         
  
  
         
      
        
  
   
     (1.10) 
 
 At infinite dilution, cG/mG = ρ0, the density of water.  Additionally, ln γ± = ln y± = 0, so the 
last term of Equation 10 is equal to –ρ0.  Therefore, 
 
      
    
  
                               (1.11a) 
          
     
    
                     (1.11b) 
 
 The Debye-Hückel theory relates the long-range electrostatic forces in extremely dilute 
solutions to the electrical contributions to the free energy of the solution (Marcus and Kertes 
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1969, 34–39).  Given ions with charge zie interacting in a medium with a dielectric constant of 
ε0, Poisson’s equation in spherical coordinates relates the electrostatic potential ψ at any point 
in the medium with the local charge density ρ at a distance r from a given ion: 
 
 
  
 
 
  
    
  
  
    
   
  
       (1.12) 
 
 The local charge density can also be written as 
 
                   (1.13) 
 
where ni is the number concentration of ions or the number of particles per unit volume.  At 
zero potential, ρ = 0 or  
 
                      (1.14) 
 
At a certain point where there is potential ψ, there may be more of a certain ion.  
Therefore, the quantity ni can now be expressed using the Boltzmann distribution: 
 
        
                 (1.15) 
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where kB is the Boltzmann constant, or 1.381 x 10
-23 J/K.  The Debye-Hückel approximation 
expands the exponent in Equation 1.15 and retaining only the first two terms of the expanded 
form to produce Equation 1.16: 
 
              
     
    
   
    
     
     
   
    
       (1.16) 
 
This linearization is required due to the principle of linear superposition of fields and the third 
and higher terms must then equal 0.  The first term also equals 0 due to Equation 1.14.  
Combining Equations 1.12 and 1.16 results in 
 
 
  
 
 
  
    
  
  
    
    
     
       
      
       (1.17)   
 
The quantity κ is the average reciprocal diameter of the so-called ionic atmosphere which can 
be thought to surround a given ion. 
 Equation 1.17 can be solved to find the charge density of ions of a type k as a function of 
distance r from a given ion j.  The boundary condition is that there may be no other ions 
present within a sphere of diameter a, or the average diameter of the ions (the distance of 
closest approach of the centers of the two ions).  The solution is 
 
     
     
   
 
       
     
        (1.18) 
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The potential acting on the ions is therefore 
 
    
   
  
 
   
     
 
    
 
        (1.19) 
 
The potential ψj is composed of the potential resulting from the ionic atmosphere ψia and that 
of the ion, zje/ε0r, therefore giving ψia to be 
 
     
   
  
  
   
     
 
    
 
  
 
 
        (1.20a) 
           
   
  
 
 
     
        (1.20b) 
 
 The electrical contribution to the chemical potential of j, μj(el) is the free energy per mole 
of ions j or Na (Avogadro’s number, 6.022 x 10
23) times the contribution for the addition of one 
ion j to a solution containing ions in the ionic atmosphere are characterized by κ and ψ ia.  The 
charging process can be thought of in two steps: the ion is first added without charge, causing a 
negligible contribution to the free energy of solution from the slight volume change and then 
the charge is increased by zje.  The electrical contribution to the chemical potential is given by 
Equation 1.21: 
 
        
    
 
  
  
   
     
    
  
 
       (1.21) 
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If V is the total volume of the system and μi(el) refers to one ion of type I, then the total 
electrical free energy of the system is given by Equation 1.22: 
 
                  
        
 
   
            (1.22) 
 
 The quantity τ(κa) is defined as 
 
       
 
     
                
     
 
      (1.23) 
         
     
 
  
      
 
              
 
Differentiating Equation 22 with respect to Nj, the total number of moles of j in the 
system (Nj = njV/Na) , yields the chemical potential: 
 
         
   
   
 
   
 
 
     
  
  
    
   
             (1.24) 
 
where Vi
’ is the partial molar volume, (∂V/∂Ni)Ni≠j.  The last term of Equation 1.24 is generally 
ignored because its value is numerically very small. 
 The activity coefficient is obtained by ignoring the last term of μj(el).  Because ideal 
solutions are described as obeying Henry’s Law, Equation 1.7, deviations from the ideal solution 
expressed by the molal activity coefficient can by ascribed to the contribution to the chemical 
potential of the electrical interactions resulting from long-range forces.  Therefore, 
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      (1.25) 
 
 The ionic strength of a solution, I, is defined as 
 
   
 
 
      
   
 
  
  
    
 
           
       (1.26) 
 
In dilute aqueous solutions, the denominator of Equation 1.26 and the ρ are close to 
unity, so I can be set to ½ Σmizi
2.  Because ci = 1000 ni0/Na, κ
2 in Equation 1.17 can be expressed 
as 
 
    
    
     
       
 
   
     
 
         
        (1.27) 
 
Introducing I into Equation 25 and the parameters A and B such that  
 
    
     
 
      
 
   
 
  
            
     
                      
     
                        
    
     
 
      
 
   
     
                     
     
                             
                                    
15 
 
 
gives the expression 
 
        
   
      
         
  
   
      
        
     (1.28) 
 
where å is the value of a in Ångstroms.  Because the activity coefficients of single ions are not 
measurable quantities, Equation 1.28 is converted to the Debye-Hückel expression: 
 
                     
         
   
        
     (1.29) 
 
 The main assumptions of Equation 1.29 are as follows: 
 
1) All ions have the same average diameter. 
2) The solvent lacks structure and has a bulk dielectric constant throughout. 
3) The ionic atmosphere is spherical. 
4) The Boltzmann distribution can be linearly approximated. 
5) The molal activity coefficient can be described by long-range electrostatic interaction 
energy. 
 
Assumptions 1 and 2 are independent of the concentration of the electrolyte.  At dilute 
electrolyte concentration, the ions are sufficiently far apart to only interact with the bulk 
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solvent.  Assumption 2 will not apply in cases with multivalent and at warm temperatures.  
Assumption 3 will not apply in cases when nearest-neighbor interactions are more important 
than long-range interactions.  Assumption 4 applies when ψ is sufficiently small enough for only 
the first two terms of the expansion of the Boltzmann Distribution, Equation 1.15.  At relatively 
small concentrations, Assumption 5 applies because there are only slight differences between 
the molal and mole fraction scales.  In general, Equation 1.29 applies in cases where κa ≤ 0.2.  
Though Equation 1.29 will begin to break down once I = 0.001 M, many chose to account for 
the contribution of long-range forces to the non-ideal free energy up to I = 0.1 M. 
 
1.3. Complex Formation in Solution 
 Complexes are formed in solution between interactions of ions or molecules, capable of 
existing on their own, to form bonds (Marcus and Kertes 1969, 200–201).  Complexes come in a 
variety of forms, whether cationic, anionic, neutral, mononuclear, or polynuclear.  Generally, a 
complex is formed between a central metal cation and coordinated ligands arranged in a 
definite geometry around the central cation.  The central metal cation may be monatomic such 
as Pu3+, polyatomic such as UO2
2+, or an inner-sphere complex such as Co(NH3)6
3+.  The ligands 
may be anions such as NO3
- or neutral molecules such as H2O.  The ligands are bound to the 
central atom through monodentate donor atoms or through more than one for polydentate 
ligands.   Complexes involving polydentate ligands are known as chelated complexes. 
 In understanding complex formation, it is important to quantify the coordination 
number of the central cation.  The coordination number N is the number of donor atoms that 
occupy sites in its coordination sphere.  N depends on the relative sizes of the central cation 
17 
 
and the donor atoms, as well as the bond-hybridization character of the central cation.  Central 
cations may have multiple coordination numbers, depending on the environment.  For 
example, Hg2+ readily forms complexes of the form HgL2 (where L stands for a representative 
monodentate ligand), but has also been known to form complexes of the form HgL4. 
 Complex formation usually occurs in a stepwise manner, forming intermediate 
complexes alongside the main coordinatively saturated complex.  To illustrate, if Mm+ is a 
central metal cation, Ll- is a monodentate ligand, and N is the maximum coordination number 
for M, 
  
                                        (1.30) 
 
 Because M is solvated in solution, the formation of the MLN complex usually involves a 
substitution of a solvent molecule (i.e. water), S in order to maintain a constant maximum 
coordination number.  To illustrate: 
 
     
                                        (1.31) 
 
The solvent is generally present in excess compared to M or L, so its concentration is not 
changed by complex formation so its participation is ignored.  A general reaction for n ligands, 
leaving out the charge on the central cation and ligands, may be summarized by Equation 1.32: 
 
                 (1.32) 
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 The change of free energy of Equation 1.32 can be written as 
 
        
        
    
    
         (1.33) 
 
where a is the activity of the complex, central metal cation, or ligand and n is the number of 
ligands (Marcus and Kertes 1969, 201–209).  At equilibrium, the rate of the forward reaction 
equals the rate of the reverse and thus ΔG = 0.  The equilibrium constant Kn for the reaction is 
obtained by rearranging Equation 4: 
 
          
        
    
    
  
           
  
    
         
    
    
  
           
       
    
                    (1.34) 
 
The equilibrium constant Kn (Kn = aMLn/aMaL
n) depends on the concentration scale used 
in defining ΔGn
0 and the activities of the metal cation, ligand, and metal complex.  Molar 
concentration units are used in this current treatment.  The equilibrium constant and the 
standard free energy change are relative to the binding of the solvent by the central metal 
cation and the ligand, so Equations 1.32-34 must be modified to include the solvent when 
comparing complex formation in different solvents. 
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The enthalpy and entropy of complex formation for Equation 1.32 can be obtained by 
assuming that ΔHn
0 and ΔSn
0 over a small temperature range are constant: 
 
    
     
       
  
     
       
      
      (1.35a) 
   
           
   
 
 
            
       
  
    (1.35b) 
 
The enthalpy of complex formation can be thought of as the strength of the bonding of the 
central metal cation and the ligand, relative to the bonding between the central metal cation 
and the solvent.  The entropy of complex formation includes the difference between translation 
or rotational entropy lost by the ligand and the corresponding entropy gained by the displaced 
solvent molecules.  A large value for Kn means strong complex formation and requires a large - 
ΔHn
0 and a large + ΔSn
0. 
Equation 1.32 is characterized the overall stability constant βn.  To illustrate, 
 
               
        (1.36) 
 
where βn is the thermodynamic equilibrium constant for Equation 1.32 as long as the 
parentheses denote activities.  If the parentheses denote concentrations, βn is the equilibrium 
quotient.  Considering one step in the addition of a ligand (as expressed in Equation 1.30 or 
1.31), Equation 3 and the stepwise complex-formation quotient kn is defined by 
 
                          (1.37) 
20 
 
 
Combining Equations 1.36 and 1.37 yields the following relations: 
 
                 (1.38a) 
               (1.38b) 
                   (1.38c) 
 
Assuming that Equation 1.32 follows the law of mass-action with regard to the 
concentration of L (e.g. using a constant ionic medium), a, the effective ligand activity is defined 
by  
 
         
              (1.39) 
 
This concept is advantageous at relatively large ligand concentrations.  It also allows the 
summation over total central metal cation concentration, difficult to do when utilizing activities 
because they are not additive.  Formally (L) and a are the same and (L) will be used in this 
treatment.  The total central metal cation concentration in solution, cM, and the total ligand 
concentration in solution, cL and provided that the ions to not participate in any other reaction, 
are given by 
 
                               
 
      
    (1.40a)  
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  (1.40b) 
 
 If the ligand is the anion of a weak acid HjX, the complex formation reaction is expressed 
as 
 
                
        (1.41) 
 
where X may still have hydrogen ions undissociated at the pH of interest.  The complex 
formation constant is given by 
 
         
 
 
        
 
            (1.42) 
 
Equations 1.40a and 1.40b are rewritten for j =1 (a monoprotic acid) using βn
H instead of βn 
giving 
 
          
  
       
            (1.43a) 
                      
  
       
          (1.43b) 
 
At low pH and cM, cX can replace (HX) in Equations 14a-b.  The stability constants βn
H are related 
to βn in terms of the anions X
- as 
 
  
       
          (1.44) 
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where KX is the the acid dissociation constant for HX based on 
 
                   (1.45) 
 
For a central metal cation Mm+ and monovalent ligands A-, it can be convenient to 
consider the case of complex formation resulting in a neutral complex MAm: 
 
                     (1.46) 
  
where i may be positive, resulting in cationic complexes with charge +i, or negative, resulting in 
anionic complexes with charge –i.  The index i is the charge number of the complex MAm-i.  
Corresponding complex formation constants are given by 
 
           
         
         (1.47a) 
            
                   (1.47b) 
 
The relation between the two indices is i = m – n, resulting in the following relation 
between complex formation constants: 
 
  
   
  
  
         (1.48) 
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Another useful concept is αn, the fraction of the central metal cation in the form of a 
particular complex MLn: 
 
    
     
  
  
     
 
 
        (1.49) 
 
where the fraction αn is the degree of formation of the nth complex.  The fraction of M in the 
form of free cation, α0, is the reciprocal of X.  The sum of the fractions will equal 1 only if 
complexes with L are formed, with no side reactions such as hydrolysis. 
 The average ligand number of the system, ñ, describes the degree of complexation of 
the system.  It is defined as the ratio of the concentration of bound ligand to the total 
concentration of metal: 
 
   
         
  
 
       
  
 
       
 
 
  
     
       
      (1.50) 
 
For very strong comples, if cL < NcM, ñ   cL/cM.  Here, N refers to the total number of ligands 
complexed. 
 The average charge number of the system, ĩ is defined as 
 
   
      
       
             (1.51) 
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 H+ associates strongly with many Brönsted bases to form acids (Marcus and Kertes 1969, 
222–228).  Weak acids are more highly associated, whereas strong acids tend to dissociate in 
solution more readily.  The logarithm of the association constant for perchloric acid, HClO4, is -
1.58 at 25 °C, which is considered to be rather large.  Tables 1.4 and 1.5 show the degree of 
dissociation for several strong acids.  Table 1.6 summarizes the dissociation constants for 
several acids at 25 °C.  In nonaqueous solvents, the order of acid strength is given by 
 
                                  
 
1.4. Sorption 
 Sorption is the process by which substances are concentrated at solid-liquid interfaces 
(Schwarzenbach, Gschwend, and Imboden 2003).  Sorption may encompass absorption, 
whereby a substance is incorporated into another of a different state, and adsorption, whereby 
ions of one substance are bonded to the surface of another substance.  Adsorption is the 
primary mechanism of extraction chromatography.  It is important to understand the 
equilibrium distribution between the concentration of the contaminant in the solid resin phase 
and the solution phase.   This relationship can be illustrated with a sorption isotherm.  The 
shape of the isotherm can take on different forms and depends on the affinity of the sorbate 
for the sorbent. 
 The simplest case is a linear isotherm, whereby the contaminant affinity for the resin is 
constant.    This applies in cases with sorption dominated by partitioning into the homogenous 
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organic phase and at relatively small contaminant concentrations where the resin’s adsorption 
sites are far from being saturated.  This relationship is described in Equation 1.52: 
 
                             (1.52) 
 
where Csorbent is the concentration of the contaminant sorbed to the sorbent or resin, Csolution is 
the concentration of the contaminant remaining in solution after contact with the resin, and Kd 
(sometimes noted as D) is the distribution ratio.  Figure 1.1 shows a typical linear isotherm 
relationship.  There is a direct, constant relationship between the amount of contaminant 
sorbed to the resin and the amount still in solution.  The Kd value is found by employing batch-
testing methods to measure the initial and final concentrations of a contaminant after contact 
with the sorbent. 
Inherent to the linear adsorption model is that fact that Kd is valid only for a particular 
sorbent and aqueous chemical conditions (contaminant concentration, solution matrix, 
temperature) where it is measured.  The linear model also assumes that the system is 
reversible and independent of contaminant concentration in solution.  
 In some cases, if the concentration of the contaminant is sufficiently large, there may 
not be enough sorption sites in the resin to sorb the contaminant or certain sites may become 
less attractive for sorption.  Figure 1.2 shows an example of this relation.  In an extreme case, 
the resin sites for sorption may become saturated and no more contaminant can be sorbed to 
the resin.  Figure 1.3 shows this behavior.  In some cases, several sorption processes can act 
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together, with one process dominating at low contaminant concentrations and another at high 
concentrations, as seen in Figure 1.4. 
 Many times it is advantageous to fit experimentally determined sorption data using 
adjustable parameters.  Equation 1.53 is known as the Freundlich Isotherm: 
 
                     
        (1.53) 
 
Here KF is the Freundlich constant and n is the Freundlich exponent.  In practice Csorbent and 
Csolution are measured in units of concentration, so therefore KF is reported in the corresponding 
units.  This relationship depends on multiple types of sorption sites acting in parallel.  Each site-
type has a different sorption free energy and total site abundance.  The Freundlich exponent is 
then a measure of the diversity of free energies associated with the sorption of the 
contaminant with the multiple components of the sorbent.  Figure 1.5 shows the three cases 
for the Freundlich isotherm.  If n = 1, the isotherm is linear and there is constant sorption free 
energies at all contaminant concentrations.  If n is greater than 1, the increased contaminant 
presence in the sorbent enhances the free energies of further sorption.  If n less than 1, added 
contaminant is bound with weaker free energies.  The parameters KF and n can be deduced 
from experimental data by linear regression of the logarithmic form of Equation 1.54: 
 
                                     (1.54) 
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 In cases where there are limited total sorption sites that become saturated, then the 
Langmuir isotherm is more effective at describing sorption.  The concentration of contaminant 
sorbed to the sorbent cannot increase indefinitely with the concentration of the contaminant 
remaining in solution.  Equation 1.55 describes the Langmuir Isotherm: 
 
          
                
             
       (1.55) 
 
where Γmax is the total number of surface sites per mass of sorbent and KL is the Langmuir 
constant, the equilibrium constant of the sorption reaction.  Because KL is a constant, there is 
constant sorbate affinity for all surface sites.  The quantities KL and Γmax can be derived from 
experimental data using Equation 1.56: 
 
 
        
   
 
      
 
 
         
  
 
    
      (1.56) 
 
Plotting this line and using the slope and intercept gives the isotherm constants. 
 With these and several other methods used to express the amount of sorption in a 
system, it can be difficult to choose the best model.  Of course, specific environments and 
conditions will call for specific models to best describe the complex processes taking place.  In 
spite of this, the batch-test Kd value still provides a quantitative model and the best available 
estimate of the extent of sorption.  In this work, the concentrations of contaminants in the soil 
were small enough and chemical conditions are such that the assumptions for a linear model 
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were met.  A Kd value was measured for plutonium, uranium, europium in several acidities 
ranging from 0.01 M to 8 M nitric acid.  The Kd value is calculated using Equation 1.57: 
 
     
        
  
  
  
 
        (1.57) 
 
where C0 is the initial activity of the contaminant in the starting solution in counts per minute, 
Cs is the final activity of the supernatant after filtration in counts per minute, Vc is the volume of 
solution contacted with the resin in mL, and m is the mass of resin in g (Horwitz et al. 2005).  
The units of Kd are therefore mL/g. 
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1.5. Figures 
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Figure 1.1 Linear sorption isotherm. 
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Sorption Isotherm for Partially Filled Sites
 
 Figure 1.2. Sorption isotherm featuring slightly filled resin sites.  
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 Figure 1.3. Sorption isotherm featuring saturation of resin sites. 
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 Figure 1.4. Sorption isotherm featuring mixed sorption processes. 
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 Figure 1.5. Freundlich Isotherm showing three cases for the Freundlich exponent. 
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1.6. Tables 
 
Signature Information Garnered 
In-growth of daughter isotopes (235U, 241Am) Chemical processing date 
Plutonium isotope ratios Type of plutonium production reactor utilized 
(enrichment of U in production reactor, 
neutron spectrum in production reactor) 
Residual isotopes Chemical processing techniques 
Concentrations of short-lived daughter 
fission products 
Chemical yield indicators 
Krypton and xenon isotopic abundances Casting time 
 
 Table 1.1. Relevant signatures for plutonium samples (Joint Working Group of the 
American Physical Society and American Association for the Advancement of Science 2008, 42). 
 
 
Signature Information Garnered 
Ratio of naturally occurring 
isotopes (234U, 235U, 238U) 
Indicates uranium ore sources 
Presence of isotopes produced by 
irradiation (232U, 236U) 
Indicates that uranium has been 
reprocessed and type of reactor 
used 
In-growth of daughter isotopes 
(230Th, 231Pa) 
Chemical processing date 
Krypton and xenon isotopic 
abundances 
Casting time 
 
 Table 1.2. Relevant signatures for uranium samples (Joint Working Group of the 
American Physical Society and American Association for the Advancement of Science 2008, 42). 
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Laboratory Location 
Austrian Research Centre Seisberdorf, Austria 
Atomic Weapons Establishment Aldermaston, United Kingdom 
Valduc Centre for Nuclear Studies Valduc, France 
Çekmece Nuclear Research and Training Center Istanbul, Turkey 
Institute for Transuranium Elements Karlsruhe, Germany 
Institut für Radiochemie Munich, Germany 
Institute of Nuclear Chemistry and Technology Warsaw, Poland 
Institute of Isotope and Surface Chemistry Budapest, Hungary 
Lawrence Livermore National Laboratory Livermore, United States 
Lithuania Institute of Physics Vilnius, Lithuania 
Nuclear Research Institute Rež, Czech Republic 
 
 Table 1.3. Laboratories participating in the 2000 Round-Robin Tests of the 
International Technical Working Group (Dudder, Hanlen, and Herbillon 2003, 43). 
 
 
 HNO3 H2SO4 HSO4
- 
c 1 - α (HNO3) (NO3
-) 1 - α (H2SO4) (HSO4
-) 1 - α (HSO4
-) (SO4
2-) 
1 0.015 0.015 0.985       
2 0.042 0.084 0.916    0.66 1.32 0.68 
3 0.071 0.213 1.79    0.66 2.01 0.99 
4 0.120 0.48 3.51    0.68 2.73 1.27 
5 0.163 0.81 4.19    0.68 3.4 1.6 
6 0.225 1.35 4.65    0.70 4.2 1.8 
7 0.282 1.98 5.02    0.74 5.2 1.8 
8 0.368 2.95 5.05    0.78 6.2 1.8 
9 0.425 3.85 5.15    0.81 7.3 1.7 
10 0.490 4.90 5.10    0.85 8.5 1.5 
11 0.559 6.15 4.84    0.90 9.9 1.1 
12 0.614 7.35 4.65    0.93 11.2 0.75 
13 0.68 8.8 4.2    0.96 12.5 0.45 
14 0.73 10.1 3.8 0.012 0.17 13.6 0.97 13.6 0.25 
15 0.79 11.9 3.1 0.16 2.4 12.6    
16 0.85 13.6 1.4 0.32 5.1 10.9    
17 0.89 15.1 1.9 0.53 9.0 8.0    
18    0.80 14.4 3.6    
 
 Table 1.4.  Dissociation of strong acids: HNO3, H2SO4, and HSO4
- (Marcus and 
Kertes 1969, 227).  The quantity 1 – α is the fraction of acid in the associate form; c is 
concentration of the anion of the acid. 
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 HClO4 HCl HBr
 
c 1 - α (HClO4) (ClO4
-) 1 - α (Cl-) 1 - α (Br-) 
1 0.015 0.015 0.985 0.00 1.00 0.00 1.00 
2 0.036 0.072 1.928 0.00 2.00 0.00 2.00 
3 0.056 0.168 2.83 0.00 3.00 0.00 3.00 
4 0.078 0.31 3.69 0.04 3.85 0.00 4.00 
5 0.098 0.49 4.51 0.09 4.55 0.00 5.00 
6 0.120 0.72 5.28 0.11 5.35 0.04 5.75 
7 0.143 1.00 6.00 0.11 6.25 0.07 6.50 
8 0.173 1.39 6.61 0.15 6.80 0.09 7.30 
9 0.205 1.85 7.15 0.17 7.45 0.13 7.85 
10 0.235 2.35 7.65 0.24 7.60   
11 0.270 2.95 8.05 0.26 8.15   
12 0.315 3.75 8.25 0.29 8.50   
13 0.37 4.8 8.2 0.31 9.00   
14 0.45 6.3 7.7     
15 0.54 8.1 6.9     
16 0.68 10.9 5.1     
17 0.89 15.1 1.9     
 
 Table 1.5  Dissociation of strong acids: HClO4, HCl, HBr (Marcus and Kertes 1969, 
227).  The quantity 1 – α is the fraction of acid in the associate form; c is concentration of the 
anion of the acid. 
 
 
Acid Log Kdissociation 
H2SO4 ≫  
HClO4 >4 
HBr >2.15 
HCl >1.05 
HNO3 1.37 
HSO4
- -1.98 
 
 Table 1.6. Dissociation constants of several acids at 25 °C (Marcus and Kertes 1969, 
228). 
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CHAPTER 2: THEORY 
 
2.1. Separation Chemistry 
 The need for actinide separations began with the desire to obtain purified samples of 
plutonium and uranium for weaponry (Czerwinski 2002, 77).  Current industrial separation 
procedures are based on solvent extraction principles utilizing tributylphosphate, TBP, though 
there has been significant work done to explore other extractants.  Figure 2.1 shows TBP’s 
structure.  Many of these advancements are based on development of new resins, employment 
of different solvents and eluents, and the introduction of novel oxidants and reductants.  Other 
separations have been developed using pyrochemical, membrane filtration, and precipitation 
methods.  The focus of this section will be on separations utilizing resins and how they take 
advantage of the complex redox chemistry of the actinides. 
 
Ion Exchange and Column Chromatography 
 In laboratory settings, ion exchange is a very popular and useful method for separating 
actinides in tracer and environmental concentrations.  A solution containing the contaminants 
is contacted with a synthetic organic resin containing functional groups that will bind selectively 
with the contaminant in a column.  Later on the ions of interest can be eluted from the resin 
using a suitable solution.  The resins are made of cross-linked polystyrenes with attached 
functional groups. 
Ion exchange separations are conducted using resins in the cation or anion form.  
Dowex50 is an example of a cation exchanger and contains free sulfonic acid groups (R-SO3
-, 
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where R is the polystyrene resin support) and the cation of interest displaces the hydrogen ion.  
The exchange reaction can be written as Equation 2.1: 
 
     
                 
             (2.1) 
 
where M+ is a metal cation, X- is an anionic ligand.  Dowex1 is an example of an anion exchanger 
and contains a quaternary amine group like CH2N(CH3)3Cl and the anion of interest displaces 
the chloride ion.  Resin particles have particle sizes ranging for 0.08 to 0.16 mm and exchange 
capacities of 3 to 5 milliequivalents per gram of dry resin. 
Commonly, groups of ions are absorbed to the column and then selectively eluted with 
complexing agents that form complexes of varying solubility with the absorbed ions.  This 
results in a competition between the complexing agent and the resin for each ion.  Each ion is 
exchanged between the complexing agent and the resin several times and it travels through the 
column.  Different ions will travel through the column at different rates, creating a spatial 
separation between bands of different ions.  Ions are collected separately in successive eluant 
fractions. 
In cases where heat or radioactivity may degrade organic ion exchange resins, inorganic 
ion exchange resins may be of use.  One such example of inorganic ion exchange resins are 
zeolites.  These microporous aluminosilicate minerals have been shown to effectively remove 
fission products in nuclear waste and permanently trap them (Loveland, Morrissey, and 
Seaborg 2001).  The zeolite is then encased as a ceramic waste form.  Zeolites are noted for 
their extreme durability and resilience to radioactivity.  In cases requiring more selective resins, 
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chelating resins like Chelex-100 and Diphonix have been shown great promise in treating 
radioactive waste.  Chelating resins contain special functional groups like iminodiacetic acids, 8-
hydroxyquinoline, and macrocyclic units like crown ethers, calixarenes, and cryptands that can 
chelate metal ions. 
 One drawback to this method is the limited capacity for metal ion absorption in the 
column.  This can make large-scale reprocessing cumbersome. 
 
Solvent Extraction 
 Solvent extraction processes are dependent on the selective transport of the metal ion 
in question between an aqueous solution containing contaminants and an immiscible organic 
solution.  Highly hydrated actinides in acidic solution, as well as their complexes with typical 
mineral acid anions will not spontaneously partition into the organic phase and therefore 
require a driving force to complete the phase transfer (Nash, Madic, and Mathur 2010, 2644).  
This is typically done using a lipophilic complexing extractant in the organic phase.  Reactions in 
the aqueous phase, such as oxidation-reduction, hydrolysis, and formation of water-soluble 
complexes will affect the phase transfer equilibrium.  It is important to note that actinides do 
not engage in metal-carbon bonding with the complexant.  Rather, actinides bond with the 
oxygen, nitrogen, or sulfur atoms in the complexant structure (Nash, Madic, and Mathur 2010). 
 There are five classes of solvent extraction systems used for actinide separations.  Each 
class achieves the phase transfer via different methods, but the general idea follows that the 
high dielectric constant of aqueous solution allows for charged ionic species as discrete 
molecules but the low polarity of the organic solution brings the ions in closer contact.  The 
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solutes in the organic solution are present as disrete electroneutral units.  Equations 2.2a-e 
describe the reactions of these classes with a generic 3+ actinide cation: 
 
Liquid cation exchanger: 
   
                         
      (2.2a) 
Micellar extractant: 
   
                                
      (2.2b) 
Solvating extractant: 
    
                               (2.2c) 
Liquid anion exchanger:  
    
           
                   (2.2d) 
Synergistic extractant: 
    
                                  
     (2.2e) 
 
Solvent extraction is used in industry to purify natural uranium, as well as other elements of 
interest like plutonium, zirconium, and fission products (Benedict and Pigford 1957, 157).  It is a 
useful technique when separating large amounts of metals and lends itself to multistage 
separations for extreme purification and high specificity without increased consumption of heat 
or chemicals.  In contrast, ion exchange lends itself more to purifying small quantities of metals. 
 In order for a metal to be extracted by a water-immiscible organic solvent, the metal 
must be able to form a neutral organic-soluble complex with the solvent or other added 
complexing agents.  These complexes involve coordination bonds between the metal cation and 
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the ligand.  Alkali and alkaline earth metals are not able to form such complexes because they 
do not have empty electron orbitals, contrasting with the easily extractable transition, rare 
earth, and actinide groups. 
 Cations that form strong complexes with anions are characterized by a coordination 
number.  The coordination number of a cation is the number of ligands attached to the cation.  
Cations may sometimes form complexes with less than full coordination with one type of ligand 
and become fully coordinated by adding water molecules to the complex.  Complexes of metals 
with anions of weak acids are generally more stable than complexes with anions of strong acids. 
 A chelate is a special type of complex, in that an organic ion or molecule forms 
coordination bonds with the cation in more than one binding site.  An example of such a 
chelating agent are 1,3-diketones.  The diketone group forms a heterocyclic ring with the cation 
by binding through both oxygens.  Therefore, half as many chelating molecules as coordination 
number are required to fully coordinate the cation.  A common diketone used in solvent 
extraction is 1,3-diketone thenoyltrifluoracetone, TTA.  Figure 2.2 shows the structure of TTA. 
 The overall reaction between an acidic chelate, HK, and the cation, M, with charge m+, 
is given by Equation 2.2: 
 
      
                    
      (2.2) 
 
where (aq) denotes the aqueous phase and (o) denotes the organic phase.  The overall 
equilibrium constant, K, is given by Equation 2.3: 
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         (2.3) 
 
The concentration of the metal chelate complex in the organic phase at equilibrium will 
decrease with increasing concentration of H+ (lower pH) in the aqueous phase.  The chelation 
process follows as such: when the aqueous solution containing the metal cations is contacted 
with the miscible organic solution containing the dissolved chelate, the chelating compound 
must dissolve in the aqueous phase.  The chelate then ionizes and reacts with the cation.  The 
metal-chelate complex then dissolves in the organic phase. 
 The chelation process can proceed somewhat slowly and so many industrial separation 
processes involve relatively looser nonchelating complexes with organic molecules.  One of the 
most famous examples of this is tributyl phosphate, TBP.  Figure 2.1 shows the structure of TBP.  
TBP is used extensively for the extraction of thorium, uranium, neptunium, and plutonium by 
bonding with the lone pair electrons of the phosphoryl oxygen to the metal cation.  Figure 2.3 
shows the extracting capabilities of TBP in n-dodecane for actinides.  Most fission products and 
the 3+ and 5+ actinides are not extracted well with TBP.  The overall extraction reactions of TBP 
with uranyl and plutonium 4+, as well as with nitric acid, are shown in Equations 2.4a-c: 
 
    
  
    
      
 
    
                                (2.4a) 
       
        
 
    
                              (2.4b) 
      
      
 
    
                          (2.4c) 
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Because Pu is most easily extracted in the +4 state, the feed solution is treated with nitrite (as 
NaNO3 or NO2 gas) at 50°C.  Equation 2.5 shows the reaction of PuO2
2+ with nitrite: 
 
    
       
                  
          (2.5) 
  
By increasing the concentration of TBP in the organic phase, the reactions in Equation 2.4a-c 
are shifted to the right with more metal complexed with TBP in the organic phase.  Increasing 
nitrate concentration would also increase the concentration of metal-TBP complex.  Increasing 
nitrate concentration is achieved by adding a salting agent such as HNO3 or Al(NO3)3. 
 Uranyl nitrate is quite soluble in a number of organic solvents that are immiscible with 
water.  Two important solvents are di(2-ethylhexyl) phosphoric acid and trioctylamine.  Figures 
2.4 and 2.5 show the chemical structures of these solvents.  These solvents are known as liquid 
ion-exchangers and they react with water-soluble metal ions to form organic-soluble 
compounds.  The long octyl group of the acid and amine as well as the the uranyl salts are 
soluble in hydrocarbon diluents and insoluble in water.  The benefit to using liquid ion-
exchangers is the larger distribution coefficients, allowing extraction of uranium at relatively 
large concentration from dilute leach liquors (Benedict and Pigford 1957, 232).  The presence of 
H+ and SO4
2- also facilitates shifting the equilibrium to favor the organic or aqueous phase by 
adjusting H2SO4 concentration. 
 Contacting an aqueous solution of the extractable component with an immiscible 
solvent to extract the component, bringing the system to equilibrium, and then separating the 
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phases leads to the component being distributed between the two phases.  This distribution is 
characterized by the distribution coefficient, D, defined in Equation 2.6: 
 
    
                                               
                                               
    (2.6) 
 
The distribution coefficient is a function primarily of the element to be extracted, the redox 
potential of the aqueous phase, the nature of the solvent, the ionic strength of the solution, the 
concentration of the complexant, the concentration of the salting agent, and the H+ 
concentration in the aqueous phase, and the equilibrium temperature. 
 The extractability of elements varies quite dramatically and is the basis of solvent 
extraction as a successful separation process.  Table 2.1 shows as an example the distribution 
coefficients for several elements in diethyl ether and aqueous nitrate solutions.  Note uranium’s 
significantly greater D when compared to the rest.  
 The valence of the metal cation will cause the element to behave differently.  For 
example, Pu4+ and PuO2
2+ are very easily extracted by TBP in kerosene, whereas Pu3+ is not.  By 
adjusting the redox potential of the aqueous solution, the chemistry and distribution 
coefficients of the ions present may change dramatically.  This forms the basis of the PUREX 
process to separate plutonium from uranium in aqueous solution: adding a reducing agent 
reduces plutonium to Pu3+ which is readily extractable in water while uranyl remains in the 
organic phase to be stripped later in low acid. 
The nature of the solvent can be explained as the interaction of the solvent with the 
complexing agent.  Extraction of a salt by the organic phase requires the uncharged complex to 
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form between the solvent and the salt, which is possible when the solvent contains O, N, or 
another electron-donor and the metal of the salt has unfilled inner electron orbitals able to 
share electrons with the solvent molecules.  As an example, uranyl nitrate is easily extracted by 
diethyl ether, hexone, TBP, and other oxygenated organic solvents, but is not extracted at all by 
benzene, kerosene, or other hydrocarbons absent a complexing agent (Loveland, Morrissey, 
and Seaborg 2001). 
 Complexing agents will change the distribution coefficient of a component between the 
aqueous solution and the organic phase.  As an example, Zr(NO3)4 is not extracted from 
aqueous solution from kerosene, until TBP is added.  Upon adding fluoride, the more stable 
ZrF6
2- complex ion is formed, thus reducing the distribution coefficient of Zr.  When the 
complexing agent is nearly completely bound to the extracted component, increasing the 
concentration of the component in the aqueous phase will reduce the distribution coefficient.  
Going back to the extraction reactions of TBP, Equations 2.4a-c, reaction equilibriums follow as 
 
     
                   
    
  
    
     
 
    
 
 
        
 
      (2.7a) 
      
                  
       
       
 
    
 
 
        
 
      (2.7b) 
     
             
      
      
 
    
         
       (2.7c) 
  
Assuming at equilibrium all aqueous uranium is in the form of uranyl ion and all organic 
uranium is in the form, UO2(NO3)2•2TBP, the distribution coefficient is  
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   (2.8) 
 
For a given total amount of TBP in the organic phase, the amount of uncombined TBP is less the 
higher the amount of uranium and DU will decrease.  This is known as a saturation effect and is 
often observed in industrial separations (Benedict and Pigford 1957). 
 Adding salting agents will also change the distribution coefficient by increasing the 
concentration of extractable species.  They are also capable of being readily hydrated, thus 
removing much of the water molecules in the aqueous phase and increasing the effective 
concentration of the extractable species. 
 When H+ is involved in the distribution equilibrium reaction, changing the H+ 
concentration will obviously have a strong effect on the distribution coefficient.  In addition, 
when an extractable component is easily hydrolyzed, reducing the concentration of H+ will 
lower the distribution coefficient by increasing the proportion of the component that is partially 
hydrolyzed and not extractable.  This forms the basis for the Redox process for extraction of 
plutonium by hexone from irradiated uranium.  The aqueous phase H+ concentration is reduced 
by the addition of ammonium hydroxide, NH4OH. 
The fraction of the component initially present in the aqueous phase that becomes 
extracted into the organic phase depends on the relative volumes of the aqueous and solvent 
phases (Benedict and Pigford 1957).  The material balance on the component is given by 
Equation 2.9: 
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                 (2.9) 
 
where F is the volumetric flow rate of the aqueous feed, E is the volumetric flow rate of the 
component in the organic phase, x is the molar concentration of the component in the aqueous 
phase, y is the molar concentration of the component in the organic phase, and z is the initial 
aqueous stream molar concentration of the component entering the stage.  Equation 2.6 can 
then be rewritten as  
 
    
                                               
                                               
  
 
 
    (2.10) 
 
The concentration in the organic phase, y, is therefore 
 
    
  
      
         (2.11) 
 
The fraction extracted, ρ, and the ratio of solvent to feed follows as Equations 2.12a and b: 
 
    
  
  
  
    
       
        (2.12a) 
 
 
 
  
 
       
         (2.12b) 
 
The fraction extracted therefore becomes greater, the greater E/F, but an infinite amount of 
solvent is required for complete extraction in a single contact.  The excess solvent in the system 
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is able to extract more component if additional aqueous feed is contacted since feed 
concentration, z, is much greater than aqueous phase concentration, x.  Therefore, many 
processes reduce the amount of solvent required for extracting a given fraction, ρ, by using 
multiple contacts between a solvent volume and the aqueous phases.  This cascade is 
illustrated in Figure 2.6.  As the number of stages increases, the concentration in the organic 
phase reaches equilibrium with the aqueous feed, 
 
                 (2.13) 
 
For a given E/F, the theoretical ymax after infinite number of stages gives a maximum recovery, 
ρmax: 
 
       
     
  
  
  
 
        (2.14) 
 
On the other hand, in order to achieve a certain recovery ρ, the minimum E/F ratio the 
following holds: 
 
  
 
 
 
   
  
  
    
  
 
 
        (2.15) 
 
Thus, it is possible to approach complete extraction of a component (ρ = 1) with a finite volume 
of solvent with a large enough number of stages. 
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 If more than one component is extractable into the organic phase, it is not possible to 
obtain any one component in a pure form because the organic phase will carry some of each 
component with it.  In order to separate each component as purely as possible, separate 
scrubbing stages would be necessary.  Scrubbing stages serve to scrub all but the most 
extractable component from the organic phase.  Two or more extractable components can be 
separated by distribution between two counter-flowing solvents, or fractional extraction. 
 As long as the distribution coefficient of one component, Di, is different than the 
distribution coefficient of the other component, Dj.  The concentrations of the components i 
and j in the organic phase, y, and aqueous phase, x, are given by the following: 
 
                  (2.16a) 
                  (2.16b) 
 
The ratio of the concentrations of the components in the organic phase is related by the ratio of 
the concentrations of the components in the aqueous phase: 
 
 
  
  
  
    
    
         (2.17) 
 
Therefore, separation will be possible when Di/Dj ≠ 1.  The separation factor, α, relates the ease 
of separating the two components and is given by the ratio of the distribution coefficients: 
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        (2.18) 
 
 General considerations for suitable solvents for a process to separate several 
components include 
 
1. Selectivity: the ratio of distribution coefficients must be relatively large. 
2. Good capacity for extraction: the distribution coefficients for extraction should be 
greater than unity. 
3. Readily stripped: the distribution coefficients for stripping should be less than unity. 
4. Immiscibility: immiscible with water to minimize solubility losses. 
5. Physical properties: the density should be different than that of water, low viscosity, and 
high interfacial tension to promote phase separation; nonvolatile, nonflammable, and 
nontoxic for safety reasons. 
6. Stability: stable when used with the chemicals used in the process, especially in the 
presence of acids and radioactive materials. 
 
TBP fits most of these criteria, except for some physical properties due to its high viscosity 
and density.  In order to overcome these issues, TBP is diluted with light, saturated 
hydrocarbons like kerosene.  TBP does undergo slight hydrolysis and forms di-n-butyl 
phosphate, DBP, when held for long periods of time at high temperatures.  The formation of 
DBP changes the distribution coefficients for actinides and interferes with separation of 
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plutonium from uranium.  DBP can be removed by periodically scrubbing the solvent with a 
basic solution (Benedict and Pigford 1957, 173). 
 The PUREX (Plutonium Uranium Recovery by Extraction) process is the most important 
solvent extraction process.  Utilizing TBP and a hydrocarbon diluents, PUREX extracts uranyl 
nitrate and plutonium 4+ nitrate from nitric acid.  PUREX was developed by the Knolls Atomic 
Power Laboratory of General Electric and implemented at Oak Ridge National Laboratory 
(Loveland, Morrissey, and Seaborg 2001).  This process selectively removes U(VI) and Pu (IV) 
from irradiated spent fuel from nuclear reactors.  Irradiated UO2 fuel is dissolved in 10 M HNO3, 
forming UO2(NO3)2 and Pu(NO3)4 and then the solution is adjusted to 2-3 M HNO3.  Typically, a 
solution of 20% TBP is dissolved in a high-boiling point, inert hydrocarbon such as n-dodecane 
or kerosene is used to extract the actinides.  The U(VI) and Pu (IV) are co-extracted into the TBP 
phase, leaving behind the fission products and  trivalent and pentavalent actinides in the 
aqueous raffinate.   
Plutonium (IV) is then reduced to plutonium (III) using ferrous sulfamate and is stripped 
into the aqueous phase while U(VI) remains in the TBP phase.  Equation 2.19 shows the 
reduction of Pu(IV) with ferrous sulfamate. 
 
                  
                      
    (2.19) 
 
Iron acts as the reductant and the sulfamate acts as a nitrite suppressor, preventing small 
amounts of nitrite ions from the bulk nitric acid autocatalytically oxidizing the ferrous ion 
(Cleveland 1980a, 523).  The drawback of using ferrous sulfamate is the introduction of iron and 
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nonvolatile materials to the waste solution.  Some process flowsheets instead utilize U(IV) or 
hydroxylamine as the reductant, but these reductants have their own drawbacks as well. 
Uranium (VI) is stripped using very dilute HNO3.  A second extraction process is repeated 
for the aqueous phases to improve recovery.  Final purification of plutonium is accomplished 
with further TBP solvent extraction steps.  Historically, the plutonium product was purified 
using anion exchange by adjusting the feed solution to 7 M HNO3 and the Pu(NO3)6
2- species 
complexed to the resin.  The remaining contaminants, namely U, Zr, Nb, Ru, and Fe, are not 
strongly sorbed to the resin and washed from the solution.  Finally the purified Pu was eluted 
using 0.5 M HNO3. 
 
Extraction Chromatography 
Extraction chromatography is a similar analytical separation technique to solvent 
extraction.  In extraction chromatography, one of the liquid phases is made stationary by 
adsorption on a solid support.  The other liquid phase remains mobile.  Either the aqueous or 
organic phase may be made stationary.  In contrast to traditional partition chromatography, 
whereby the solute does not undergo any chemical change as it is sorbed, the metal ion uptake 
in extraction chromatography involves complex chemical changes because of the conversion of 
a hydrated metal ion into a neutral, organophilic metal complex, similar to that of liquid-liquid 
extraction (Dietz 2003, 162). 
The benefit of extraction chromatography is that it has the selectivity of solvent 
extraction and the multistage character of a chromatographic process like ion exchange 
chromatography.  Common resins involve the adsorption of an organic extractant onto an 
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inorganic substrate like silica or an organic substrate like styrene-divinyl benzene copolymers.  
The retention of the extractant by the support is entirely due to physical interactions, not the 
covalent bond network between the extractant and the support.  Therefore, the properties of 
the supported extractant are very similar to those of the same compound in the corresponding 
liquid-liquid extraction system (Dietz 2003, 163).  The liquid-liquid extraction system data then 
provides a useful guide to designing extraction chromatography systems and provides a major 
advantage over other chromatography techniques such as ion exchange. 
Although the behavior of extraction chromatographic materials can be largely 
approximated using comparative liquid-liquid systems, not all performance aspects can be 
predicted because of the fact that there are many more factors involved in a dynamic 
chromatographic process than in a static, batch liquid-liquid extraction.  Extraction 
chromatographic materials are described using several parameters, among them retention, 
selectivity, efficiency, capacity, stability, ease of regeneration and reuse, and reproducibility 
(Dietz 2003, 163).  The retention and selectivity of the material is determined by the properties 
of the extractant and mobile phase composition.  Column efficiency is expressed in terms of the 
height equivalent to a theoretical plate (HETP) or the number of theoretical plates (N) and 
these factors can be explained by various system characteristics, among them the mobile phase 
velocity, diffusion coefficients of the metal ion in the mobile and stationary phases, particle 
size, temperature, kinetics, and stationary phase thickness.  Equation 2.6 shows the relation 
between N and HETP: 
 
        
  
    
 
 
  
 
    
      (2.6) 
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where tr is the retention time or volume of eluate to peak maximum, w1/2 is the peak width at 
half height, and l is the length of the column.  The capacity of the material is dependent on the 
amount of extactant loaded onto the support, and to be considered useful, an extraction 
chromatographic material must maintain a constant capacity; related to this is satisfactory 
chemical and physical stability.  Generally the material will have good chemical stability, but the 
loss of extractant into the mobile phase is quite common, thus leading to poor physical stability.  
The chemical and physical stability will determine how complicated further reuse and 
reproducibility of results obtained. 
The same types of extracting agents as in solvent extraction can be used in extraction 
chromatography.  Early methods used traditional extractants such as acidic organophosphorus 
compounds like di-(2-ethylhexyl) phosphoric acid (HDEHP) or TBP.  Newer methods employ new 
extractants like crown ethers, cryptands, or bifunctional organophosphorus compounds.  One 
particular application is the TRU resin which uses solutions of carbamolymethyl-phosphoryl 
(CMPO) compounds in TBP sorbed onto Amberlite XAD-7.  This resin has been proven to be very 
useful for separation and determination of actinides in complex matrices. 
  
 
2.2. Plutonium Chemistry 
Radiochemistry of Plutonium 
 Plutonium was the second transuranium element to be discovered.  Plutonium was 
discovered by Glenn T. Seaborg and others by bombarding uranium oxide, U3O8, plated on a 
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copper backing plate, with 16 MeV deuterons at the 60-inch cyclotron of the University of 
California, Berkeley to produce neptunium, which decayed to plutonium.  Equations 20a and 
20b show these reactions: 
 
   
       
        
         
       (20a) 
    
    
  
      
         
        (20b) 
 
where n is a neutron, e- is an electron, and the half-life of 238Np is 2.12 days and the half-life of 
238Pu is 87.7 years.  Because of its inherent ability to undergo fission, 239Pu was studied as a 
source of nuclear energy.  It is able to undergo slow neutron-induced fission with a comparable 
probability of that of uranium-235: 750 and 580 barns respectively.  After realizing this, 
scientists began research into its separation from uranium and fission products, leading to 
chemical investigations of plutonium and large-scale chemical separation procedures. 
 When 239Pu is produced in nuclear reactors, it is produced as a result of neutron capture 
reactions on 238U.  Figure 2.7 shows this production of 239Pu, as well as other plutonium 
isotopes.  Plutonium can be produced using thermal, intermediate, and fast neutrons, but using 
a different neutron spectrum will produce a variation in the ratio of plutonium isotopes.  The 
plutonium produced in the reactor will serve as continual fuel, replacing the consumed fuel.  
However, the differences in cross section in thermal region are enough to cause noticeable 
effects in the reactivity as the plutonium is built up.  In addition to fission decay processes, all 
important plutonium isotopes are unstable with respect to alpha decay.  Table 2.2 shows the 
alpha decay characteristics of these isotopes.  The focus of this work is on plutonium-242, but 
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all plutonium isotopes have the same chemistry.  Figure 2.8 shows the decay of 242Pu, a 
member of the Uranium-Radium Decay Series.  As seen in Figure 2.7, 242Pu is formed by 
successive neutron captures on 239Pu. 
In general, the actinide and lanthanide elements have many similar chemical and 
physical properties.  The ground state electron configuration for plutonium is [Rn] 7s2 5f6, as 
would be expected because its lanthanide homolog, samarium, has an electron configuration of 
[Xe] 6s2 4f6.  As the ionic charge increases for actinide atoms, the metallic and ionic radii 
decrease, evincing the actinide contraction, similar to the lanthanide contraction.  Table 2.3 
shows the radii for plutonium and several other important actinides.  The contraction is the 
result of the addition of electrons to the inner 5f shell and the imperfect screening of the 
increasing nuclear charge by the additional f electrons gives a contraction of the valence orbital.  
As seen in Table 2.3, the radii are extremely close for ions of the same oxidation state, and so 
ionic compounds tend to be isostructural. 
Though the electronic behavior of the actinides and lanthanides are somewhat similar, 
the oxidation-reduction behaviors of the two sets are quite different.  Whereas the 3+ oxidation 
is most stable for all lanthanides, the actinides do not have a common most stable oxidation 
state across the series.  Table 2.4 shows the possible oxidation states for the actinide series.  
Plutonium is capable of oxidation states varying from 3+ to 8+, but is most often found in 3+ to 
6+ states.  This variety in most stable oxidation states results from the fact that the 5f and 6d 
orbitals have a very small difference in energy levels and is on the order of chemical binding 
energies.  As a result, the oxidation state and the electron configuration are more sensitive to 
chemical environment than the lanthanides, for which there is a greater energy level spacing 
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between the 4f and 5d.    In non-complexing media (i.e., perchloric acid, HClO4), Pu
3+ and Pu4+ 
exist as hydrated cations only, whereas plutonium 5+ and 6+ exist as bound hydrated dioxo- 
species, PuO2
+ and PuO2
2+ respectively, because of their high charge.  Table 2.5 describes the 
colors of various oxidation states of plutonium.  In general, lower oxidation states are stabilized 
under acidic conditions whereas higher oxidation states are stabilized under basic conditions 
(Cordfunke 1969, 84).  Redox reactions between the 3+ and 4+ states and the 5+ and 6+ states 
occur rapidly but reactions between the metal and the dioxycations are much slower.  Figure 
2.9 shows the redox potentials for plutonium oxidation states in perchloric acid.  Because these 
potentials are so close in value, all four states are able to coexist in solution at the appropriate 
pH.  This behavior is due to the tendency of Pu4+ and PuO2
+ ions to disproportionate and the 
slow rate of reactions for forming or breaking Pu-O bonds in PuO2
+ and PuO2
2+ as compared to 
other reactions just involving electron transfers. 
Plutonium 4+ disproportionates according to Equation 2.21: 
 
                
        
           (2.21) 
 
This disproportionation yields the equilibrium constant expression, K: 
 
   
      
 
     
        
       
       (2.22) 
 
Beginning with a solution of pure Pu4+, the fraction of each oxidation state present after 
disproportionation heavily depends on pH.   Figure 2.10 shows the oxidation state distribution 
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in 1 M HClO4 as a function of pH.  It is clear that as pH increases, Pu
3+ and PuO2
+ become the 
dominant species.  This figure only considered the first hydrolysis constant for Pu4+.  This 
picture is complicated by the second hydrolysis as a small amount of Pu4+ will form colloidal 
plutonium. 
Values for K depend on the acidic solution, complexing ions in solution, and 
temperature.  Tables 2.6-8 show the disproportionation equilibrium constants for Pu4+ in HClO4, 
HCl, and HNO3, all of unit ionic strength at 25°C, and it is clear that K is very much dependent on 
how well plutonium complexes with anions in solution.  Table 2.9 shows the dependence on 
temperature of the equilibrium constant in HCl with varying temperature.  Increasing 
temperature from 25 °C to 45 °C leads to an increase in the equilibrium constant by a factor of 
70. 
Although the overall disproportionation reaction for Pu4+ given by Equation 2.21, it has 
been shown that the overall reaction is kinetically built on the following reactions, Equations 
2.23a and b: 
 
                       
                     (2.23a) 
          
              
                      (2.23b) 
 
 Equation 2.23a is considered slow because of the formation of the plutonium-oxygen 
bond.  Figure 2.11 shows the kinetics for these reactions at pH 1 for a solution in 1 M HClO4 
beginning with pure Pu4+.  As time progresses, appreciable amounts of the other oxidation 
states appear.  This rate is dependent on overall plutonium concentration.  Therefore, in order 
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to keep the oxidation state as close to 4 as possible, it is necessary to work with small 
concentrations of plutonium or to work at lower pH (high nitric acid concentration). 
 Plutonium 5+, PuO2
+, disproportionates via Equation 2.24: 
 
      
                    
            (2.24) 
 
This reaction can take place in two ways, depending on the other plutonium ions 
present in solution.  Usually, the reaction follows as Equations 2.25a and b: 
 
    
                                             (2.25a) 
    
                    
                      (2.25b) 
 
Note that Equation 2.25b contains all four common oxidation states of plutonium in one 
equilibrium.  If PuO2
+ is the only plutonium ion species present, the reaction follows the much 
slower Equations 2.26: 
 
    
       
                   
                          (2.26) 
 
 The rate of PuO2
+ disproportionation is quite slow in low acidity solutions in the absence 
of other oxidation states, as noted by the fourth power dependence of H+ in Equation 2.25a.  
This leads to the preparation of solutions containing only plutonium in the 5+ state. 
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 Returning to Equation 2.25b, the equilibrium constant for this reaction in perchlorate 
solutions of unit ionic strength is given by (Cleveland 1980b, 412): 
 
    
           
   
           
  
             (2.27) 
 
In other complexing acids like HNO3, it is expected that the equilibrium would shift towards 
production of Pu4+ with PuO2
+ disproportionating according to Equations 2.25a and b. 
 
Oxidation-Reduction Reactions of Plutonium 
In aqueous plutonium processing, the best way to separate plutonium from other 
solution constituents is by taking advantage of its different oxidation states.  Aside from the 
disproportionation reactions as described above, plutonium may be oxidized or reduced by 
other reactants in solution.  In general, reactants in solution and disproportionation act in 
concert.  For example, oxidation of Pu4+ to PuO2
2+ may proceed by direct oxidation by an 
oxidizing agent like 0.1 M cerium 4+ in 0.5 M HNO3, or by disproportionation via Equation 2.21 
with the addition of an oxidizing agent to change Pu3+ to Pu4+ like nitrate ion in the bulk dilute 
nitric solution.  Both have the net result of oxidizing Pu4+ to PuO2
2+.  In general, 
disproportionation is more important at low oxidizing agent and high plutonium concentrations 
(Cleveland 1980b, 419). 
In nitric acid, it is difficult to keep plutonium as Pu3+ because of oxidation by nitrate ion: 
 
               
                    (2.28) 
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Though this reaction proceeds somewhat slowly, the reaction is autocatalytic because the NO 
produced in Equation 2.28 forms quickly forms HNO2 in solution which also increases the 
oxidation rate of Pu. 
 Ferrous sulfamate, U4+, and TiCl3 are commonly used to reduce plutonium to Pu
3+ in 
large-scale reprocessing.  Previous work has shown the effectiveness of acetohydroxamic acid, 
AHA, to reduce Pu4+ to Pu3+.  The structure of AHA is shown in Figure 2.12.  AHA is used as a 
scrubbing agent and rapidly reduces hexavalent Pu and Np to nonextractable pentavalent Pu 
and Np, as well as forms strong complexes with tetravalent Pu and Np, also nonextractable in 
the UREX process.  AHA does not affect the extraction of uranium (Tkac et al. 2008).  In a recent 
study, Pu4+ was prepared by dissolving PuO2 in nitric acid, reducing the plutonium with 
peroxide, and adjusted to Pu4+ using NaNO3 (Tkac and Paulenova 2008).  This pure Pu
4+ solution 
was then introduced to a high molarity nitric solution containing 1.1 M tributyl phosphate in n-
dodecane and LiNO3, a salting agent which increases the yield of extactable species.  Generally, 
the expected plutonium species in the aqueous phase are Pu(NO3)
3+, Pu(NO3)2
2+, Pu(NO3)4, and 
Pu(NO3)6
2-.  AHA was then added to the aqueous phase, resulting in a decrease in the 
distribution ratio of plutonium in the aqueous to organic phase.  The new predominant 
plutonium species present in the aqueous phase were ternary complexes with mono- and di-
acetohydroxamte nitrates with Pu4+. 
Work performed at Argonne National Laboratory showed that it is possible to use AHA 
in dilute HNO3 to effectively reduce and strip plutonium from a microcolumn containing DGA-
branched resin (Mertz et al. 2012).  Plutonium feed solutions in 4 M HNO3 were loaded onto 
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the column, rinsed with several volumes of 1 M HNO3, and then stripped with solutions of AHA 
in nitric acid with varying concentrations.  The AHA concentrations varied from 0.01 to 0.5 M in 
0.01 M HNO3, as well as 0.5 M AHA in 0.1 M HNO3.  Several other common reductants were 
also compared, including 0.2 M ascorbic acid, 0.04 M sodium formaldehyde sulfoxylate (SFS, 
tradename Rongalite), and 0.02 M TiCl3.  Fractions throughout the elution were collected and 
analyzed for plutonium content via liquid scintillation counting.  Figure 2.13 shows the 
plutonium recovery curves for the various reductants.  The reductant composition that gave the 
best plutonium recovery was 0.5 M AHA in 0.01 M HNO3, with greater than 92% recovery. 
 
Plutonium hydrolysis 
 Hydrolysis reactions are a special sort of complex ion reactions.   The general form of 
hydrolysis reactions with plutonium and the associated hydrolysis constant are given by 
Equations 2.29a and b: 
 
                     
                 (2.29a) 
    
        
      
      
      
       (2.29b)   
 
where m is the oxidation state of plutonium and n is the order of hydrolysis.  The tendency for 
hydrolysis increases as the ionic potential, or the charge of the ion divided by the ionic radius, 
increases (Cleveland 1980b, 435).  Therefore, hydrolysis is most marked for small but highly 
charged ions, such as Pu4+.  The tendency of plutonium hydrolysis, absent other complexing 
ions, is given by 
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       (2.30) 
 
In addition, as seen in Table 2.4, plutonium ions are more readily hydrolyzed than neptunium or 
uranium ions because of their smaller radii.   Plutonium forms gelatinous hydroxides that have 
variable and uncertain composition and can present potential purification issues in process flow 
streams.  Table 2.10 shows an overview of the hydrolysis reactions and constants for plutonium 
ions. 
 Plutonium 3+ is thought to undergo hydrolysis via Equation 2.31: 
 
                 
            (2.31) 
 
Upon addition of more alkaline solution, hydrolysis continues until a blue Pu(OH)3 precipitates.  
The solubility product, Ksp, is 2 x 10
-20 and is rapidly oxidized in air to Pu(OH)4 (Cleveland 1980c, 
345). 
 Plutonium 4+ hydrolysis follows as Equation 2.32: 
 
                 
            (2.32) 
 
  As with Pu3+, continued addition of alkaline solution will precipitate highly insoluble 
Pu(OH)4.  Figure 2.14 shows the speciation of Pu
4+ hydrolysis, as modeled using Geochemist’s 
Workbench (Bethke 1996).  The Ksp for this reaction is 7 x 10
-56 (Cleveland 1980b, 436).  In weak 
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acidic solutions, Pu4+ may form a bright green colloidal polymer.  Although U4+ and Th4+ form 
colloidal polymers, Pu4+ polymer is formed irreversibly.  Polymer formation depends on Pu4+ 
concentration, the presence of other ions, and temperature.  In general, polymerization is 
greatest for solutions of low acid/plutonium ratios.  At least 4 equivalents of H+ must be used to 
prevent polymer-formation.  Table 2.11 shows the approximate acidity required for Pu4+ 
polymerization at different concentrations of Pu4+.  In contrast, in solutions with only micro 
amounts of Pu4+, relatively high pH will cause polymer formation.  Strong complexing agents 
like F- and SO4
2- and oxidizing agents like MnO4
- and Cr2O7
2- will facilitate depolymerization once 
the polymers have formed but have little effect on halting initial polymer growth.  Though 
plutonium polymer presents purification issues, it has been shown to be a useful means to 
removing plutonium from waste solutions (Cleveland 1980c, 345).  Plutonium 4+ colloid is 
negligibly extracted into dibutylcarbitol, thenoyltriflyoroacetone in benzene, and tributyl 
phosphate in kerosene, thus posing issues in removal.  It is extracted into 5% dibutyl 
phosphate-kerosene solutions. 
 Plutonium 5+ hydrolysis has not been extensively studied.  PuO2
+ ions hydrolyze only at 
neutral pH, around 6.8.  Upon adding NaOH solution to PuO2
+ in HNO3 solution, a gray-white or 
rose colored precipitate forms.  The Ksp is approximately 5 x 10
-10 (Cleveland 1980c, 346). 
 When undergoing hydrolysis, Plutonium 6+ ions, PuO2
2+, appear to behave more like 
large tetravalent cations such as Th4+ rather than divalent cations like Ba2+ (Cleveland 1980b, 
439).  The central metal ion therefore must have a high positive charge and strong bonding 
between the metal and oxygen ions.  Hydrolysis follows as Equations 2.33a-c: 
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           (2.33a) 
       
                     
      (2.33b) 
                            
         (2.33c) 
 
Plutonium complexes 
The relative tendency for plutonium oxidation states to form complexes in general 
follows as Equation 2.34: 
 
          
              
       (2.34) 
 
This strength of complexation does not depend only the net cationic charge of the central 
plutonium, but rather on the charge density faced by the ligand (Seaborg 1958, 129).  The 
effective charge of PuO2
2+ is actually closer to +3.3 than +2 (Seaborg and Loveland 1990, 91).  
Plutonium 3+ and 4+ form many stable compounds and their chemistry has been studied in 
depth.  Plutonium 5+ and 6+ are less stable, but do form some compounds though they are less 
stable than their corresponding uranium compounds.  The relative tendency for plutonium to 
complex with common anions follows as Equation 2.35 (Cleveland 1980b): 
 
   
       
        
        
           
            
  (2.35) 
 
In general, the weaker the acid, the stronger the complexes formed by its anion.   Actinide 
cations in general are considered hard acids, in that ligand bonding is described in terms of 
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electrostatic interactions, and will prefer to bond with hard bases such as oxygen or fluorine, 
rather than soft bases such as nitrogen, phosphorus, or sulfur, but will complex with soft bases 
in non-aqueous solvents.  This study focused on complexes formed between plutonium and 
nitrate. 
 Solutions containing Pu3+ have a limited propensity for forming complexes.  Several have 
been studied, including complexes with Cl-, Br-, NO3
-, C2O4
-, citrate, tartarate, 
ethylenediaminetetraacetic acid (EDTA), and thiocyanate.  There is spectrophotometric 
evidence for formation of Pu3+-NO3
- complexes in moderately concentrated nitric acid (1 to 5 
M) but in larger concentrations of nitric acid it is difficult to prevent the oxidation of Pu3+ to 
Pu4+.  Table 2.12 shows the stability constants for nitrate complexes of Pu3+.  These values 
appear to be quite large and the first association quotient is quite similar to that of Pu4+ (see 
Table 2.13).  These data are somewhat questionable, particularly when including the difficulty 
of maintaining the purity of Pu3+ (Cleveland 1980b, 445).  Plutonium 3+ nitrato species have 
been prepared but are unstable due to immediate oxidation (Clark et al. 2010, 1167). 
 Plutonium 4+ forms many stable complexes with several anions and has been studied 
quite extensively for chemical processing.  In particular, plutonium nitrate complexes have been 
studied because of the prevalence of nitric acid use in fuel reprocessing.  Nitrate complex Pu4+ 
to form all ions from PuNO3
3+ to Pu(NO3)6
2-, with the mono, bis, tetra, and hexa nitrato 
complexes most prevelant (Clark et al. 2010, 1167).  Table 2.13 shows the stability constants for 
the stepwise addition of the first three nitrato groups. 
Lipis and others determined the most stable plutonium-nitrate complex in a wide range 
of nitric acid concentrations (Lipis, Pozharskii, and Fomin 1960).  The results from this work in 
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shown in Table 2.14.  These results are in agreement with other work showing that in 
concentrated nitric acid (greater than 8 M HNO3), Pu(NO3)6
2- is the chief nitrato complex 
(Lemire et al. 2001). 
No inner sphere PuO2
+ nitrato species have been characterized, though the existence of 
solid nitrates of NpO2
+, RbNpO2
2+, and PaO3+ indicates that if PuO2
+ were able to stabilize in 
nitrate solution, they would be possible (Clark et al. 2010, 1167).  Nitrate salts of PuO2
2+ are 
very weakly complexed and the only significant nitrate in solution is PuO2NO3
+ (Clark et al. 
2010, 1167). 
 
2.3. Uranium Chemistry 
Radiochemistry of Uranium 
 Uranium was discovered in 1789 by M. H. Klaproth in pitchblende ores in Saxony.  Table 
2.15 shows the distribution of isotopes of natural uranium.  Uranium did not have much 
industrial use until the discovery of radioactivity by Becquerel and the presence of radium in 
uranium ores in the late 1800s.  As the demand for radium increased, uranium ore deposits in 
Germany, Congo, and Canada were mined for primarily for the radium content.  Until 1942, 
there were no mining operations carried out primarily for uranium production (Cordfunke 
1969, 3). 
 The Second World War and the Manhattan Project brought about increased research 
and mining of uranium.  Several other isotopes of uranium have been created.  Table 2.16 
summarizes the radiochemical data for all uranium isotopes.  The focus of this work will be on 
233U and its nuclear decay properties, but all uranium isotopes have the same chemistry.  
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Uranium-233 results from slow neutron irradiation of thorium-232.  Equation 2.36 shows this 
reaction: 
 
    
       
       
               
              
        
    
            
             
     (2.36)  
 
Uranium-233 is noted for having a comparable thermal-neutron cross section for fission to that 
of 235U.  It is currently being studied as a fuel alternative for nuclear reactors.  Uranium-233 
decays as part of the so-called Neptunium Series.  Figure 2.15 shows the decay of 233U. 
 The most important compounds are the uranium oxides.  UO2 is used as fuel for reactors 
and is reactive with H2O, but only sparingly soluble.  It is prepared by reduction of UO3 with 
hydrogen.  U3O8 (UO2 • 2UO3) occurs naturally as pitchblende.  It is soluble in nitric acid and can 
be prepared by oxidizing UO2 or reducing UO3.  UH3 is a strong pyrophoric reducing agent and, 
when mixed with zirconium hydrides, is used as fuel for TRIGA research reactors.  Uranium 
halides can exist in the +3 (UF3, UCl3, UBr3, UI3), +4 (UF4, UCl4, UBr4, UI4), +5 (UF5, UCl5), and +6 
(UF6, UCl6) oxidation state. 
Uranium’s electron configuration is [Rn] 7s2 6d1 5f3 and therefore has six valence 
electrons.  The most common oxidation state is 6+, but there are four well-defined states: U3+ 
(5f3), U4+ (5f2), UO2
+ (5f1), and UO2
2+ (5f0).  Table 2.17 contains the ionic radii and aqueous 
solution color of these oxidation states.  Figure 2.16 shows the formal reduction potential of 
uranium in aqueous perchlorate solution.  In moderately concentrated perchloric acid, 
hydrolysis is negligible and the ionic species are present as hydrated ions.  These potentials will 
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have slightly different values depending on the acid used, which can be attributed to slight 
complexation of the uranium ions with the anionic species present. 
 U3+ solutions are prepared by dissolving uranium (III) halides in water.  Equation 2.37 
shows this dissolution reaction: 
 
              
           
      (2.37) 
 
As a result of this reaction and U3+’s relative instability, it is difficult to measure the properties 
of U3+ in solution.  This same situation occurs with solutions of pentavalent UO2
+: 
 
    
       
       
                 (2.38) 
 
Pentavalent uranium ions can be obtained by photoreduction of uranyl (hexavalent UO2
2+) 
solutions with methanol in perchloric acid.  UO2
+ ions do not form insoluble salts or extractable 
species and also seem to be only to some extent hydrolyzable. As a result, uranium’s main 
oxidation states of interest are 4+ and 6+. 
 Tetravalent uranium solutions can be prepared by reduction of uranyl salts with zinc 
amalgam or by dissolving uranium (IV) salts in water.     
 
    
                             (2.39) 
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At higher temperatures (60 to 80 °C) or in the presence of oxidizing agents, U4+ will oxidize 
easily.  The chemistry of U4+ is quite similar to that of Th4+.  U4+ will readily form complexes with 
anions such as NO3
-, Cl-, CO3
2-, C2O4
2-, and C2H3O2
-.  In aqueous solution, UCl4 and UBr4 are 
soluble, whereas the fluoride and hydroxide are insoluble.  U4+ ions are also easily hydrolyzes 
and react with water via Equation 2.40: 
 
                
            (2.40) 
 
 Hexavalent uranium is stabilized in aqueous solution by forming uranyl ions, UO2
2+.  
Hexavalent uranium is also generally the most stable oxidation state for uranium in solution.  
These ions also exist as solids like uranyl nitrate, urinates, and uranium (VI) oxide.  Uranyl ions 
have a linear structure.  UO2
2+ can be prepared by dissolving UO3 in acid or uranium metal in 
nitric acid.  These solutions are very stable.  UO2
2+ is easily hydrolyzable and thus shows 
complex solution equilibria.  Figure 2.17 shows the speciation for UO2
2+ as modeled by 
Geochemist’s Workbench. Table 2.18 shows the most common hydrolysis reactions of uranyl.  
Because of these hydrolysis reactions, aqueous solutions of uranyl salts are slightly acidic. 
 Uranyl ions can generally be coordinated with six ligands.  The two oxygen atoms of the 
uranyl group are collinear, are closer to the central uranium atom (1.7 to 2 Å) than the other six 
ligands (2.2 to 3 Å), and are chemically inert (Cordfunke 1969, 103).  Many times, however, 
steric factors hinder the ligands around the central uranyl ion.  This is especially true for ligands 
such as nitrate and chloride. 
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 Uranyl will complex with many anions.  Table 2.19 shows the equilibrium constants for 
complex formation with UO2
2+.  It is interesting to note that that at relatively large 
concentrations of F-, SO4
2-, and CO3
2-, the uranyl complexes are less extractable than uranyl 
nitrate.  Uranyl sulfate and carbonate are very stable and have an overall negative charge, thus 
more suited for anion exchange rather than solvent extraction.  In fuel reprocessing, anion 
exchange is complicated by the fact that the concentrations of other alkali, alkaline, and 
transition metals are much larger than that of uranyl.  However, in contrast, only a few metals, 
notably Fe3+, V5+, and Mo4+, form anions in sulfuric acid and these contaminants can be 
minimized by strict control of the redox potential (Benedict and Pigford 1957, 250).  Therefore 
anion exchange is a very popular choice for purifying uranium from sulfuric acid leach liquors. 
 
2.4. Lanthanide Chemistry 
 The lanthanide elements, the Group IIIA elements, or cerium to lutetium, comprise the 
largest naturally-occurring group in the periodic table and all have extremely similar properties.  
So-called “rare-earth elements,” the lanthanides are actually quite common in the earth’s crust.  
Table 2.20 shows the natural abundances of the lanthanide elements.  The lanthanides are also 
produced via nuclear fission reactions.  This work focuses on the chemistry of europium-152.  
Figure 2.18 shows the decay of 152Eu.  Europium-152 decays primarily via electron capture to 
samarium-152 (Artna-Cohen 1996). 
 The electron configuration of the free europium is [Xe] 6s2 4f7.  Table 2.21 lists some 
properties of lanthanum, the lanthanides, and their ions.  There are some slight irregularities in 
electron shell filling for the atoms.  The progression in electron filling for the M3+ ions is 
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completely regular, going from 4f0 for lanthanum to 4f14 for lutetium.  The lanthanides are all 
relatively electropositive and strongly favor the 3+ oxidation state.  The lanthanide contraction 
in ionic radius is seen in the last column of Table 2.21.  As 4f electrons have a considerable part 
of their wave function within the outer parts of the 4d, 5s, and 5p orbitals, making them 
unreactive, these orbitals still provide only incomplete shielding of the outer electrons from the 
steadily increasing nuclear charge.  As a result, the electron cloud as a whole steadily shrinks as 
the 4f shell is filled (Greenwood and Earnshaw 1984). 
 While the 3+ oxidation state is the most common, it is important to note the 4+ state for 
cerium, promethium, and terbium and the 2+ state for samarium, europium, and ytterbium.  
These deviations can be attributed to the extra stability of empty, half-filled, or filled shells.  For 
example, upon losing two electrons, Eu2+ has a half-filled 4f shell and an electron configuration 
of [Xe] 4f7. 
 Lanthanides easily form oxides of the form M2O3, where M is a 3+ lanthanide ion, and 
have properties similar to those of CaO and BaO.  These oxides will absorb CO2 and H2O from 
the air and form carbonates and hydroxides.  Anhydrous chlorides generally cannot be made by 
simply heating the hydrates because these compounds will lose hydrochloric acid, rather than 
water, to give the oxochlorides LnOCl, where Ln is a generic lanthanide ion.  Rather, the 
chlorides are prepared by heating oxides with an excess of ammonium chloride, NH4Cl.  
Equation 2.41 shows the reaction of Eu2O3 with NH4Cl at 300 °C: 
 
                                    (2.41) 
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Hydrated salts in common acids like HNO3 can be crystallized from aqueous solutions 
and will frequently contain [Ln(H2O)9]
3+ ion.  Using europium as an example, the aqua ions of 
lanthanides will hydrolyze according to Equation 2.42: 
 
          
                        
       
    (2.42) 
 
 Eu2+ can be obtained by electrolytic reduction of a Eu3+ solution or by reduction with 
amalgamated zinc.  Several salts have been isolated for Eu2+, but they are invariably oxidized by 
their own water of crystallization.  In terms of size and coordination, Eu2+ is similar to Ba2+. 
 
2.5. Extraction Chromatography Based on Tetraalkyldiglycolamides 
 Eichrom Technologies manufactures a novel extraction chromatography resin that 
consists of 40 weight percent N, N, N’ N’ tetrakis-2-ethylhexyl diglycolamide (TEHDGA) sorbed 
onto 50-100 μm particle size Amberchrom CG-71.  Amberchrom CG-71 is manufactured by 
Rohm and Haas and is a macroscopic, insoluble, acrylic polymeric resin for adsorption and 
reversed phase liquid chromatography.  Amberchrom has a number of interesting properties, 
among them its unique poresize (250 Å), high surface area (500 m2/g), and pore volume (1.17 
mL/g) (Rohm and Haas 2007).  Eichrom also manufactures an associated extraction 
chromatographic resin, N, N, N’ N’ tetraoctyldiglycolamide (TODGA).  The difference between 
TODGA and TEHDGA is the initial dialkylamide (octyl vs 2-ethylhexyl) used in production. 
 Eichrom synthesizes TEHDGA by reacting diglycolyl chloride with bis(2-ethyl-1-
hexyl)amine and triethylamine in tetrahydrofuran (THF) under nitrogen atmosphere.  Figure 
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2.19 shows this reaction to form TEHDGA.  A flask is charged with THF and diglycolyl chloride.  A 
dropping funnel is charged with the bis(2-ethyl-1-hexyl)amine in anhydrous THF.  The amine 
solution is slowly added in drops to the diglycolyl/THF flask.  Triethylammonium chloride is 
formed as a white precipitate.  The mixture is stirred for an additional hour, after which time 
water is added.   THF is removed by rotary evaporation, leaving a yellow residue. 
 Additional H2O is added to the residue, creating a viscous orange upper phase and a 
colorless, cloudy lower phase.  The solution is added to a separatory funnel and the lower 
phase extracted several times with petroleum ether.  The petroleum ether washes are then 
added to the initial orange upper phase and extracted several times using a series of H2O, dilute 
hydrochloric acid, H2O, and dilute sodium bicarbonate.  The upper phase of this extraction is 
then extracted with a series of HCl, H2O, and saturated sodium chloride.  The product is finally 
filtered and concentrated by rotary evaporation.  The product is then dissolved in methanol and 
combined with a methanol/Amberchrom slurry.  This mixture is mixed and then rotary 
evaporated to remove the CH3OH.  The resulting solid product, TEHDGA, is 40% by weight 
extractant on Amberchrom. 
 Weight distribution ratios were calculated using Equation 2.43: 
 
      
        
 
    
 
  
         (2.43) 
 
where Dw is the weight distribution coefficient, A0 is the aqueous metal ion concentration or 
activity before equilibrium in parts per million or counts per minute respectively, As is the 
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aqueous metal ion concentration or activity after equilibrium (also in ppm or cpm), w is the 
mass of the resin in g, and V is the volume of the aqueous phase in mL. 
 To convert Dw to the number of free column volumes to peak maximum, k’ or the resin 
capacity factor, it is first necessary to find the volume distribution coefficient.  Equation 2.44 
shows the relation between Dw and Dv: 
 
         
     
   
         (2.44)  
 
where Dv is the volume distribution coefficient, ρextr is the density of the extractant in g/mL, and 
0.4 is the extractant loading in grams of extractant per gram of resin.  Table 2.22 shows the 
values of ρextr and other physical constants for slurry-packed columns.  Equation 2.45 shows the 
conversion of Dv to k’: 
 
          
  
  
          (2.45) 
 
where k’ is the resin capacity factor or the number of free column volumes to peak maximum, 
vs is the volume of the stationary or extractant phase, and vm is the volume of the mobile 
phase.  Combining Equations 2.44 and 2.45 gives Equation 2.46: 
 
                      (2.46) 
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Thus for each distribution coefficient measured, the analogous k’ value can be found by 
multiplying Dw by 0.57.  It is important to highlight here that k’ is a value for a slurry column and 
not for a pressurized column such as that used in gas pressurized extraction chromatography 
systems.  Nevertheless it is a useful quantity to relate the resin’s ability to retain a certain 
element compared to others.  Work has been performed at Argonne National Laboratory to 
characterize a microcolumn filled with TEHDGA resin used in a gas pressurized system.  This 
work showed that instead of a vs/vm ratio of 0.26, a gas pressurized system yields a ratio or 
2.52, a significant difference (McClain and Kaminski 2010).  This in turn gave a different value 
for C2, the conversion factor between Dw and k’, in Table 2.22.  Table 2.23 shows the revised 
physical constants for TEHDGA in a microcolumn used in a gas pressurized extraction 
chromatography system. 
Eichrom performed several tests to assess the batch uptake, column elution, and 
capacity of slurry TEHDGA and TODGA columns.  Figure 2.20 shows the kinetic uptake of Eu3+ 
from 3 M HNO3 at room temperature by TODGA resin.  The system reaches equilibrium after 
approximately 10 minutes and any variation after 25 minutes was within experimental error 
(Horwitz et al. 2005, 10).  Figure 2.21 relates the free column volume to peak maximum value 
of Th4+, U6+, Pu4+, and Am3+ on TRU, TODGA, and TEHDGA resins in nitric acid and room 
temperature.  These data points were measured following a similar procedure to that explained 
in Chapter 4 of this work.  The difference between TRU and DGA resins was quite noticeable.  
TRU resin is noted for having uptake typical of neutral hard donor extractants with phosphoryl 
oxygen; that is, the resin uptake strength decreased as tetravalent > hexavalent > trivalent 
(Horwitz et al. 2005).  With DGA resins, the uptake of U6+ was significantly reduced and the 
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uptake of Am3+ is significantly increased relative to that of TRU resin and to Th4+ and Pu4+.  The 
k’ value for Am for DGA resins was much larger than that of TRU.  Additionally, it is interesting 
to note that above 0.5 M HNO3, the k’ values for tetravalent and trivalent actinides were much 
closer with DGA resin. 
The differences between the resins are related to the number of donor oxygens and the 
configuration of the extractants.  TRU resin contains a carbamoylmethylphosphoryl group that 
acts as a monodentate ligand.  DGA resin contains a tridentate ligand, as seen in Figure 2.19, 
complexing with trivalent metals though the two carbonyl oxygens and the ether oxygen, 
forming two stable five-membered chelate rings.  Though carbonyl oxygens are less 
electronegative than phosphoryl oxygens, the coordination of DGA to trivalent actinides 
involves less liquid strain and rearrangement, compensating for the lower electron density of 
the carbonyl and ether donor groups.  Based on the results in Figure 2.21 and Horwitz’ similar 
work with HCl, the coordination of tridentate DGA with hexavalent uranium is less favorable 
than that to a trivalent and tetravalent actinides.  The larger the k’ value, the greater the metal 
uptake onto the column.  In general, k’ values greater than 100 indicate significant uptake onto 
the column and less than 1 show little retention.  Values for k’ between 1 and 50 demonstrate 
intermediate uptake. 
 Figure 2.22 compares the k’ values for Am on TODGA and TEHDGA resins in nitric acid at 
room temperature.  Generally, TODGA resin gives larger k’ values and is more selective than 
TEHDGA resin.  One benefit to using TEHDGA is that the slope of the k’ curve for actinides like 
thorium, americium, and uranium is much steeper, thus offering a larger difference in resin 
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retention between two nitric acid concentrations, which is useful when developing separation 
schemes. 
 In terms of trivalent behavior on TEHDGA, all trivalent elements appear to have very 
similar behavior.  Figure 2.23 compares k’ values for lanthanides cerium and europium, 
transition metal yttrium, and actinide americium.  The uptake of Am3+ is similar to that of Eu3+ 
and deviates at larger nitric acid concentrations above 3 M.  Figure 2.24 shows the behavior for 
the entire lanthanide series, as well as Y in 1.0 M HNO3 and describes the general behavior for 
these elements in 0.1 M HNO3.  The trend for 1 M HNO3 can be explained by electrostatic 
effects dominating in the lower atomic number 56 though 66 and steric effects due to 
decreasing ionic radii dominating in the larger atomic numbers 67 to 72.  In 0.1 M HNO3, the k’ 
values for all lanthanides are less than 4 (Horwitz et al. 2005). 
 Figure 2.25 shows the k’ values for alkaline earth metals on TODGA versus nitric acid 
concentration.  Though these values are for a different functional group resin, as stated before, 
the k’ values for TEHDGA resin in general appeared to be slightly less than those for TODGA 
resin.  The k’ values for these divalent cations were extremely small, though calcium and 
strontium have some slight uptake between 0.5 and 3 M HNO3.  The lighter alkaline earth 
metals were not retained by TODGA, likely because of steric effects and the inability of the 
oxygens in TODGA to dehydrate Be2+ and Mg2+.  The trend with uptake decreasing as Ca > Sr > 
Ba can be explained by metals with smaller ionic radii are more readily complexed by TODGA, a 
similar effect seen in Figure 2.24 with lanthanides.  At low nitric concentrations, none of the 
alkaline earth metals were retained on the resin. 
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 Figure 2.26 shows the uptake of TODGA resin for several common metals found in soil 
or nuclear waste samples.  These metals were essentially unretained by TODGA in all nitric acid 
concentrations. 
Solvent extraction studies in 3 M HNO3 have shown that the related TODGA resin 
extracts metal cations with different stoichiometry depending on the valence or oxidation state 
and the ionic size (Zhu et al. 2004).  Monovalent and pentavalent cations have small extraction 
coefficients (D or Kd values) and essentially remained in the aqueous phase.  Slope analysis of 
extracted divalent species showed a molar ratio of 2 extractant: 1 metal (Zhu et al. 2004, 165).  
In addition, metal cations with low coordination number resulted in low numbers of associated 
TODGA in the extraction, thus leading to difficulty in extracting the metal complex into the 
organic phase.  Interestingly, Ca2+ had the largest extraction coefficient and any increase or 
decrease around its ionic radius of 100 picometers leads to a decrease in extraction coefficient, 
perhaps indicating that TODGA prefers to extract divalent cations that have a radius of 100 pm.  
As for trivalent cations, slope analysis of extracted cations showed a molar ratio of either 3:1 or 
4:1, suggesting the extracted species to be M(TODGA)3(NO3)3 or M(TODGA)4(NO3)4 (Zhu et al. 
2004, 166).  The situation is more complicated for tetravalent cations, with some elements such 
as zirconium 4+, halfnium 4+, and tetravalent actinides quantitiatively extracted but other 
tetravalents only very weakly extracted (Zhu et al. 2004, 168).  Interestingly, the larger the 
coordination number (8 for Zr, Hf, Th, and Pu; 6 for Ti, Se, Sn, Te, Pt), the greater the 
distribution coefficient.  The ionic radii for the 8 coordinated elements range from 83 to 105 pm 
and the ionic radii for the 6 coordinated elements are all less than 70 picometers, thus 
suggesting that there is a strong size effect on tetravalent cations with TODGA (Zhu et al. 2004). 
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The calculated column capacity of a slurry-packed column was found to be 0.246 mmol 
of extractant per mL of bed (Horwitz et al. 2005, 14).  This results in a capacity of 0.647 mmol of 
extractant per g of bed, assuming a packing density of 0.38 g/mL.  The measured capacity for 
europium is 0.095 mmol per mL of bed.  This indicates the 3:1 stoichiometry between TODGA 
and the extracted metal species, or M(TODGA)3(NO3)3.  Table 2.22 shows the other physical 
constants for slurry-packed columns of TODGA and TEHDGA. 
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2.6. Figures 
 
 
 Figure 2.1. Structure of tributylphosphate. 
 
 
 
Figure 2.2. Structure of thenoyltrifluoracetone. 
 
 
80 
 
 
 Figure 2.3. Extraction of actinides into tributylphosphate-dodecane as a function of 
nitric acid concentration (Nash, Madic, and Mathur 2010, 2647). 
 
 
 
 Figure 2.4. Structure of di(2-ethylhexyl) phosphoric acid. 
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 Figure 2.5. Structure of trioctylamine. 
 
 
 
 Figure 2.6. Multistage cascade solvent extraction process.  M indicates mixer, S 
indicates settler. 
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 Figure 2.7. Production of plutonium from neutron irradiation on uranium-238 
(Leonard 1980, 4). 
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 Figure 2.8. Decay chain for plutonium-242, Uranium-Radium Series (Chukreev, 
Makarenko, and Martin 2002). 
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 Figure 2.9. Formal reduction potential of plutonium in 1 M HClO4.  Values are given 
in volts versus the standard hydrogen electrode (Clark et al. 2010, 1118). 
 
 
 
 Figure 2.10. Oxidation state distribution of a 1 M HClO4 solution that began as pure 
plutonium 4+ as a function of pH (Clark et al. 2010, 1124). 
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 Figure 2.11. Kinetics for disproportionation of initially pure plutonium 4+ in 1 M HClO4 
at pH 1 (Clark et al. 2010, 1125). 
 
 
 
 Figure 2.12. Chemical structure for acetohydroxamic acid. 
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 Figure 2.13. Plutonium recovery utilizing various concentrations of acetohydroxamic 
acid and other reductants (Mertz et al. 2012). 
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Figure 2.14. Plutonium 4+ hydroslysis speciation. 
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 Figure 2.15. Decay chain for uranium-233, Neptunium Series (Browne and Tuli 2002). 
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 Figure 2.16. Formal reduction potential of uranium in 1 M HClO4.  Values are given in 
volts versus the standard hydrogen electrode (Edelstein et al. 2010, 1779). 
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 Figure 2.17. Uranium 6+ hydrolysis speciation. 
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 Figure 2.18. Nuclear decay of europium-152 (Artna-Cohen 1996). 
 
 
 
Figure 2.19. Reaction used to produce N, N, N’ N’ tetrakis-2-ethylhexyl diglycolamide 
(TEHDGA) from diglycol chloride, triethylamine, and bis(2-ethyl-1-hexyl)amine. 
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 Figure 2.20. Free column volume to peak maximum values, k’, for europium 3+ versus 
time on TODGA resin from 3 M HNO3 at 22 °C (Horwitz et al. 2005, 24). 
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 Figure 2.21. Free column volume to peak maximum values, k’, for several actinide 
elements on TRU, TODGA, and TEHDGA resin versus nitric acid concentration at 22°C (Horwitz 
et al. 2005, 25). 
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Figure 2.22. Free column volume to peak maximum values, k’, for americium on 
TODGA and TEHDGA resin versus nitric acid concentration at 22°C (Horwitz et al. 2005, 27). 
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Figure 2.23. Free column volume to peak maximum values, k’, for cerium, europium, 
yttrium, and americium on TEHDGA resin versus nitric acid concentration at 22°C (Horwitz et al. 
2005, 29). 
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Figure 2.24. Free column volume to peak maximum values, k’, for the lanthanide 
series and yttrium on TEHDGA resin in 1.0 M and 0.1 M nitric acid concentration at 22°C 
(Horwitz et al. 2005, 30). 
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Figure 2.25. Free column volume to peak maximum values, k’, for alkaline earth 
metals on TODGA resin versus nitric acid concentration at 22°C (Horwitz et al. 2005, 31). 
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Figure 2.26. Free column volume to peak maximum values, k’, for selected transition 
and post-transition metals on TODGA resin versus nitric acid concentration at 22°C (Horwitz et 
al. 2005, 33). 
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2.7. Tables 
 
Element Distribution Coefficient 
Aluminum, Al 0.001 
Arsenic, As 0.007 
Barium, Ba 0.0005 
Bismuth, Bi 0.003 
Boron, B 0.01 
Cadmium, Cd 0.00001 
Calcium, Ca 0.0005 
Cerium, Ce3+ 0.00005 
Cerium, Ce4+ - 
Chromium, Cr 0.0001 
Cobalt, Co 0.0001 
Copper, Cu 0.0002 
Dysprosium, Dy 0.0003 
Gadolinium, Gd 0.00001 
Indium, In 0.0004 
Iron, Fe 0.0005 
Lead, Pb 0.0002 
Lithium, Li 0.0001 
Magnesium, Mg 0.0001 
Manganese, Mn 0.0001 
Mercury, Hg 0.0001 
Nickel, Ni 0.0001 
Potassium, K 0.0002 
Radium, Ra 0.00025 
Rhenium, Re 0.15 
Sodium, Na 0.0001 
Strontium, Sr 0.0008 
Thalium, Tl 0.0005 
Thorium, Th 0.001 
Vanadium, V5+ 0.0019 
Uranium 1.31 
Zinc, An 0.0005 
Zirconium, Zr 0.001 
 
 Table 2.1. Distribution coefficients for various ions between aqueous 10 N NH4NO3 
and diethyl ether solutions. 10 N HNO3 was used as the salting agent (Benedict and Pigford 
1957, 166). 
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Isotope Decay Process Energy of Decay 
Product (MeV) and 
Intensity 
Half-life 
232Pu α, 2%; 
electron capture, 
98% 
6.58, 100% 36 minutes 
233Pu α, 0.1%; 
electron capture, 
99+% 
6.30, 100% 20 minutes 
234Pu α, 6%; 
electron capture, 
94% 
6.19, 100% 9.0 hours 
235Pu α, 3 x 10-3%; 
electron capture, 
99+% 
5.85, 100% 26 minutes 
236Pu α 5.763, 69% 
5.716, 31% 
5.610, 0.18% 
2.85 years 
237Pu α, 0.0033%; 
electron capture, 
99+% 
5.65, 21% 
5.36, 79% 
45.6 days 
238Pu α 5.495, 72% 
5.452, 28% 
86.4 years 
239Pu α 
 
5.147, 72.5% 
5.134, 16.8% 
5.096, 10.7% 
5.064, 0.037% 
24 360 years 
240Pu α 5.162, 76% 
5.118, 24% 
6 580 years 
241Pu α, 0.0024%; 
β-, 99+% 
4.893, 75% 
4.848, 25% 
13.2 years 
242Pu α 4.898, 76% 
4.853, 24% 
3.79 x 105 years 
244Pu α 4.55, 100% 7.6 x 107 years 
 
 Table 2.2. Radiochemical properties of plutonium isotopes (Leonard 1980, 8). 
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Element Metallic Radii (Å)  Ionic Radii (Å) 
Oxidation 
State 
3+ 4+ 5+ 6+  3+ 4+ 5+ 6+ 
          
Uranium 1.92 1.74 1.61 1.54  1.03 0.93 0.87 0.83 
Neptunium 1.89 1.72 1.60 1.52  1.01 0.92 0.88 0.82 
Plutonium 1.86 1.70 1.59 1.51  1.00 0.90 0.87 0.81 
Americium 1.84 1.69 1.58 1.50  0.99 0.89 0.86 0.80 
 
 Table 2.3. Metallic and ionic radii of selected actinides (Cleveland 1980d, 331). 
 
 
Element Ac Th Pa U Np Pu Am Cm Bk Cf Es Fm Md No Lr 
Oxidation 
State 
            (1)   
 2     2   2 2 2 2 2  
3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 
 4 4 4 4 4 4 4 4 4 (4)     
  5 5 5 5 5 (5)  (5)      
   6 6 6 6 (6)        
    7 7 (7)         
     (8)          
Bold indicates most stable, italics unstable, (parenthesis) claimed but not substantiated 
 
 Table 2.4. Oxidation states of the actinide elements (Edelstein et al. 2010, 1775). 
 
 
Element M3+ M4+ MO2
+ MO2
2+ MO5
3- 
Actinium, Ac Colorless     
Thorium, Th  Colorless    
Protactinium, Pa  Colorless Colorless   
Uranium, U Red Green Unknown Yellow  
Neptunium, Np Blue to purple Yellow-green Green Pink to red Dark green 
Plutonium, Pu Blue to violet Tan to 
orange-brown 
Reddish 
purple 
Yellow to 
pink-orange 
Dark green 
Americium, Am Pink or yellow Unknown Yellow Rum-
colored 
Unknown 
Curium, Cm Pale green Unknown    
 
 Table 2.5. Colors for selected actinide ions (Seaborg and Loveland 1990, 83). 
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Concentration of H+, (M) Concentration of NaClO4, (M) K 
1.000 0.000 0.0084 
0.500 0.500 0.0084 
0.200 0.800 0.0109 
 
 Table 2.6. Disproportionation equilibrium constants for plutonium 4+ in perchloric 
acid solution of unit ionic strength at 25°C (Cleveland 1980b, 409). 
  
 
Concentration of H+, (M) Concentration of NaCl, (M) K 
1.000 0.000 0.00192 
0.500 0.500 0.00180 
0.200 0.800 0.00190 
 
Table 2.7. Disproportionation equilibrium constants for plutonium 4+ in 
hydrochloric acid solution of unit ionic strength at 25°C (Cleveland 1980b, 410). 
 
 
Concentration of H+, (M) K 
0.40 0.000152 
0.30 0.0003969 
0.20 0.000656 
0.10 0.00078 
 
Table 2.8. Disproportionation equilibrium constants for plutonium 4+ in nitric acid 
solution of unit ionic strength at 25°C (Cleveland 1980b, 410). 
 
 
Temperature, (°C) Equilibrium constant, K 
6.43 3.76 x 10-5 
25.00 1.42 x 10-3 
35.24 1.35 x 10-2 
45.16 9.67 x 10-2 
 
Table 2.9. Effect of temperature on plutonium 4+ disproportionation equilibrium 
constant (Cleveland 1980b, 410). 
 
  
102 
 
Reaction log (βmn) 
                  
       -6.9 
                    
       -15 
                  
       -0.45 
                    
        -0.75 
                    
       -0.33 
                             
  -0.63 
    
                        
  -9.73 
     
                       
        -7.8 
     
                           
  -19.3 
 
 Table 2.10. Hydrolysis constants for plutonium ions (Clark et al. 2010, 1148). 
 
 
Concentration of Pu4+ (g/L) Maximum concentration of 
H+ for polymerization, (M) 
1 0.12 
2 0.16 
5 0.20 
10 0.26 
15 0.32 
 
 Table 2.11. Approximate acidity of initial polymerization of plutonium 4+ solutions at 
25°C (Cleveland 1980b, 436). 
 
 
Reaction Equilibrium constant, K 
         
         
   5.9 
     
        
            
  14.3 
        
       
             14.4 
 
 Table 2.12. Stability constants for nitrate complexes of plutonium 3+ at 20 °C 
(Cleveland 1979, 99). 
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Reaction Equilibrium constant, K 
         
         
   5.5 
     
       
            
   23.5 
        
        
            
  15 
 
 Table 2.13. Stability constants for nitrate complexes of plutonium 4+ at 20 °C in 4 M 
HClO4 (Cleveland 1979, 110). 
  
 
Concentrations of nitric acid (M) Principle species 
< 1.5        
   
1.5 – 2.1         
   
2.1 – 3.8         
  
3.8 – 5.6          
5.6 – 7.1         
  
>> 7.1         
   
 
Table 2.14. Principle plutonium 4+ nitrate species as a function of nitric acid 
(Cleveland 1979, 111). 
 
 
Isotope Atomic Percentage 
U238 99.276 
U235 0.718 
U234 0.0056 
 
 Table 2.15.  Naturally occurring isotopes of uranium (Cordfunke 1969, 4). 
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Isotope Decay Process Energy of Decay Product (MeV) 
and Intensity 
Half-life 
Natural Isotopes 
U234 α  4.763, 74% 2.48 x 105 years 
4.716, 26% 
U235 α 4.58, 10% 7.13 x 108 years 
4.47, 3% 
4.40, 83% 
4.20, 4% 
U238 α 4.18 4.49 x 109 years 
Artificial Isotopes 
U227 α 6.8 1.3 minutes 
U228 α, 80%; 
 electron capture, 20% 
6.67 9.3 minutes 
U229 α, 80%; 
electron capture, 20% 
6.42 58 minutes 
U230 α 5.85 20.8 days 
U231 α, 0.0055%; 
electron capture, >99% 
5.45 4.2 days 
U232 α 5.31, 69% 70 years 
5.27, 31% 
U233 α 4.823 1.62 x 105 years 
U236 α 4.499 2.39 x 107 years 
U237 β-, γ 0.245 6.75 days 
U239 β- 1.21 23.54 minutes 
U240 β- 0.36 14 hours 
 
 Table 2.16. Radiochemical properties of uranium isotopes (Udal’tsova 1963, 4). 
 
 
Oxidation State Ionic Radii (Å) Color 
U3+ 1.03 Rose-purple 
U4+ 0.93 Deep green 
U5+ (UO2
+) 0.89 Unknown 
U6+ (UO2
2+) 0.83 Bright yellow 
 
 Table 2.17. Radii and aqueous solution color of uranium ions (Cordfunke 1969, 98). 
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Uranyl Ion Hydrolysis Reaction Log βp,q 
   
              
      5.25 
   
                        
  12.15 
   
                  
       20.25 
   
                  
        32.40 
    
                 
       2.7 
    
                     
        5.62 
    
                     
       15.55 
    
                     
       32.7 
    
                     
       21.9 
 
 Table 2.18. Hydrolysis reactions of uranyl ion (Fujino et al. 2010, 599). 
 
 
Reaction K, Equilibrium constant 
   
       
          
  0.5 
   
               
  0.8 
   
            
      27 
   
       
            50 
   
        
             
   350 
   
        
             
   2500 
   
        
             
   4 x 10
14 
   
        
             
   2 x 10
18 
 
 Table 2.19. Complex formation constants for uranyl (Benedict and Pigford 1957, 
231). 
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Element Abundance (ppm) 
Cerium, Ce 66 
Praseodymium, Pr 9.1 
Neodymium, Nd 40 
Promethium, Pm 4.5 x 10-20 
Samarium, Sm 7.0 
Europium, Eu 2.1 
Gadolinium, Gd 6.1 
Terbium, Tb 1.2 
Dysprosium, Dy 4.5 
Holmium, Ho 1.4 
Erbium, Er 3.5 
Thulium, Tm 0.5 
Ytterbium, Yb 3.1 
Lutetium, Lu 0.8 
 
 Table 2.20. Natural abundances of lanthanide elements in the earth’s crust 
(Greenwood and Earnshaw 1984, 1426). 
 
 
  Electronic Configuration   
Atomic Number Element Atom M3+ E0 (V) Radius, M3+ (Å) 
57 Lanthanum, La [Xe] 6s2 5d1 [Xe] -2.38 1.17 
58 Cerium, Ce [Xe] 6s2 5d1 4f1 [Xe] 4f1 -2.34 1.15 
59 Praseodymium, Pr [Xe] 6s2 4f3 [Xe] 4f2 -2.35 1.13 
60 Neodymium, Nd [Xe] 6s2 4f4 [Xe] 4f3 -2.32 1.12 
61 Promethium, Pm [Xe] 6s2 4f5 [Xe] 4f4 -2.29 1.11 
62 Samarium, Sm [Xe] 6s2 4f6 [Xe] 4f5 -2.30 1.10 
63 Europium, Eu [Xe] 6s2 4f7 [Xe] 4f6 -1.99 1.09 
64 Gadolinium, Gd [Xe] 6s2 5d1 4f7 [Xe] 4f7 -2.28 1.08 
65 Terbium, Tb [Xe] 6s2 4f9 [Xe] 4f8 -2.31 1.06 
66 Dysprosium, Dy [Xe] 6s2 4f10 [Xe] 4f9 -2.29 1.05 
67 Holmium, Ho [Xe] 6s2 4f11 [Xe] 4f10 -2.33 1.04 
68 Erbium, Er [Xe] 6s2 4f12 [Xe] 4f11 -2.32 1.03 
69 Thulium, Tm [Xe] 6s2 4f13 [Xe] 4f12 -2.32 1.02 
70 Ytterbium, Yb [Xe] 6s2 4f14 [Xe] 4f13 -2.22 1.01 
71 Lutetium, Lu [Xe] 6s2 5d1 4f14 [Xe] 4f14 -2.30 1.00 
 
 Table 2.21. Properties of lanthanide atoms and ions (Cotton et al. 1999, 1109). 
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 TODGA TEHDGA 
Extractant Density (g/mL) 0.88 0.89 
Bed Density (g/mL) 0.38 0.38 
Resin Density (g/mL) 1.13 1.13 
Volume of stationary phase, vs 0.17 0.17 
Volume of mobile phase, vm 0.66 0.66 
vs/vm 0.26 0.26 
Dv conversion factor, C1 
              
2.20 2.23 
k’ conversion factor, C2 
              
0.57 0.58 
 
 Table 2.22. Physical constants for slurry-packed columns of DGA resins (Horwitz et al. 
2005, 41). 
 
 
 TEHDGA 
Extractant Density (g/mL) 0.89 
Bed Density (g/mL) 0.38 
Resin Density (g/mL) 1.13 
Volume of stationary phase, vs 0.716 
Volume of mobile phase, vm 0.285 
vs/vm 2.50 
k’ conversion factor, C2 
              
5.6 
 
 Table 2.23. Revised physical constants for a microcolumn packed with DGA resins 
used in a gas-pressurized extraction chromatography system (McClain and Kaminski 2010). 
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CHAPTER 3: APPARATUS 
 
3.1. Stock Solutions and Resin 
 The concentrated nitric acid used was purchased from Fischer Scientific and diluted in 
reverse-osmosis deionized water obtained from the laboratory supply.  UltimaGold AB Liquid 
Scintillator Cocktail was purchased from Perkin Elmer.  Plutonium-242 and uranium-233 stocks 
were previously prepared at Argonne in 4 M nitric acid.  These stocks were independently 
analyzed by the Analytical Chemistry Group of Argonne for purity via alpha counting.  The 
results of the alpha plate analysis are shown in Table 3.1. 
Further analysis was done on the 242Pu stock solution to determine the 238Pu or 241Am 
impurity.  A 50-μL aliquot was diluted in 0.5 mL of purified water and analyzed using a highly 
shielded high purity germanium gamma detector in order to resolve the 59.54 keV 241Am peak 
(none of the isotopes of Pu are not significant gamma emitters).  This analysis revealed that the 
242Pu stock indeed had a 15% 241Am impurity. 
 Europium-152 stock was prepared by Eckert and Ziegler Isotope Products.  The 152Eu 
source was prepared to be 1 μCi/mL as EuCl3 in 0.5 M HCl.  The radionuclide purity was greater 
than 99%, with gadolinum-153 as a 0.664% impurity. 
 The iron standard was purchased from Ultra Scientific.  It contained 1000 μg/mL in 
water with 2% dilute nitric acid.  The Peruvian soil sample began as a National Bureau of 
Standards (now known as the National Institute for Standards and Technology, NIST) powder 
standard, NBS SRM 4355.  This standard is referred to as a Standard Reference Material (SRM) 
and is defined as “well-characterized materials, produced in quantity, that calibrate a 
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measurement system to assure compatibility of measurement” (Gladney et al. 1987).  This 
standard is unique for its low fallout contamination and is the preferred soil blank.  This soil was 
then digested using a microwave and independently analyzed via ICP-MS by the Analytical 
Chemistry Group of Argonne.  Carefully weighed 0.25 g portions of soil were treated with 10 mL 
concentrated HNO3 and heated using a CEM MARS 5 Digestion System and a XP-1500+ vessel.  
The heating sequence was based on the United States Environmental Protection Agency’s 
standard operating procedure SW-846 Method 3051A (US Environmental Protection Agency 
2007). Samples were heated to 175°C in five minutes and held at that temperature for 10 
minutes.  The pressure vessel reached approximately 70 pounds per square inch gauge 
(482,633 Pascal).  The digested samples were then filtered with three water rinses over a 
Gelman GF/F glass fiber filter with 0.7 μm pore size under suction to remove silica and 
aluminosilicate clay, which was presumed to remain undissolved after the heating treatment.  
The filtrate was then transferred to a volumetric flask and diluted to 25 mL.  The sample was 
submitted for elemental analysis via ICP-MS.  Details regarding the elemental analysis of the soil 
digestion can be found in the Appendix. 
TEHDGA resin was purchased from Eichrom Technologies.  TEHDGA resin is composed of 
n,n,n’,n’-tetrakis-2-ethylhexyldiglycolamide sorbed onto 50-100 μm particle-size Amberchrom 
CG-71 and is sold as 10 g of dry resin (Eichrom Technologies). 
 
3.2. Laboratory Apparatus 
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Solutions were pipetted using calibrated Thermo Scientific Finnpipettes and Finntip 
pipette tips.  Details regarding the calibration of the pipettes and pipetting efficiency can be 
found in the Appendix. 
Resin and microfuge tubes were weighed using a Mettler Toledo AT261 Delta Range 
Analytical Balance. 
 Solutions were vortexed using an American Scientific Products SP Vortex Mixer and a 
Caframo Reax 2000 mixer, rotated using a Barnstead Thermolyne Labquake Shaker rotisserie 
mixer, and centrifuged using Thermo Scientific IEC Centra CL2. 
 A Packard Instruments Tri-Carb Liquid Scintillation Analyzer, Model 2550 TR/AB was 
used to detect the alpha decay of 242Pu and 233U.  Equations 3.1a and b show the first steps in 
the decays of 242Pu and 233U, as well as the half-lives for the decays (Chukreev, Makarenko, and 
Martin 2002; Browne and Tuli 2002). 
 
     
           
                    
         
       (3.1a) 
    
            
 
  
                      
           (3.1b) 
 
 The Q-value, or the net energy released in the decay, is given by Equation 3.2: 
 
                             
     (3.2) 
 
where Q is the Q-value in MeV, mparent is the atomic mass of the parent nucleus, mdaughter is the 
atomic mass of the daughter nucleus, mα is the atomic mass of an alpha particle, and c
2 is 
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931.502 MeV/u and u is the atomic mass unit(Krane 1987).  The Q-value for the alpha decay of 
242Pu is 4.982604 MeV (Chukreev, Makarenko, and Martin 2002).  The Q-value for the alpha 
decay of 233U is 4.909016 MeV (Browne and Tuli 2002). 
 The Q-value is also equal to the total kinetic energy given to the decay fragments, as 
given by Equation 3.3: 
 
                       (3.3) 
 
where Edaughter is the kinetic energy of the daughter and Eα is the kinetic energy of the alpha 
particle. 
 Given that the parent nucleus is at rest, its linear momentum is zero.  Conservation of 
linear momentum states that pdaughter, the momentum of the daughter nucleus, and pα, the 
momentum of the alpha particle, move with equal and opposite momenta.  Because alpha 
decays are typically around 5 MeV, relativistic kinematics are not necessary.  Combining these 
equations, 
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       (3.4) 
 
The mass ratio between the alpha particle and the daughter is much less than 1, so 
Equation 3.4 can be simplified to 
 
          
 
       
       (3.5) 
 
Therefore, Eα for the alpha decay of 
242Pu is 4.900247 MeV and the Eα for the alpha decay of 
233U is 4.824741 MeV (Chukreev, Makarenko, and Martin 2002; Browne and Tuli 2002).  LSC 
attempts to measure these alpha energies. 
In liquid scintillation counting, the analyte is dissolved directly into the liquid scintillator.  
This alleviates issues related to sample self-absorption and attenuation or backscatter of 
particles by detector windows.  LSC generally offers poor energy resolution as compared to 
semiconductor diode detectors and therefore cannot discriminate between the alpha particles 
ejected from the decay of 242Pu and 233U.  Conversely, the efficiency for detecting alpha 
particles is essentially 100% (Knoll 2010, 359).  242Pu and 233U were counted in separate 
experiments so as to differentiate between the alpha energies, but at least nearly all of the 
respective alpha particles were counted. 
The LSC system utilizes two diametrically opposed high performance photomultiplier 
tubes coupled with a light-tight reflective optical chamber (Packard Instruments).  Incident 
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radiation (in the form of alpha particles in this study, but beta particles may also be produced) 
enters the detector and interact with the cocktail via many collisions, causing atoms in the 
cocktail to be in excited electronic states.  The excited states quickly fluoresce and emit visible 
or near-visible light.  This light strikes a photosensitive surface, releasing photoelectrons which 
go on to be multiplied, accelerated, and formed into the output pulse in a photomultiplier tube 
(Krane 1987, 208). 
In organic scintillators like liquid scintillation cocktail, the interactions between the 
molecules of the cocktail are relatively weak.  The cocktail molecules can absorb energy by 
either exciting electrons to higher excited states or by vibrating against each other.  Vibrational 
energies are typically about 0.1 eV and electronic excitation energies are on the order of a few 
eV.  Figure 3.1 visualizes what these states look like.  The excited electrons are generally not 
involved in bonding, so the electrons responsible for the scintillation process are those involved 
in delocalized π orbitals. 
Incoming radiation interacts with many molecules of the cocktail, losing a few eV with 
each interaction.  Many different vibration states can be excited and these decay quickly to the 
lowest vibrational state of the electronic excited state, which then decays to one of the 
electronic ground state’s vibrational states.  These quickly decay to the vibrational ground 
state. 
 A Packard Instruments Minaxi γ Auto-Gamma 500 Series Gamma Counter with a 3’’ 
detector was used to detect the γ rays produced via the decay of 152Eu.  In this project, the chief 
reaction involving gamma rays was the decay of europium-152.  Equations 3.6a-c show the 
chief decays of 152Eu. 
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            (3.6a) 
     
    
  
      
         
            (3.6b) 
     
         
  
  
      
           (3.6c) 
 
All three of these decay modes are possible for 152Eu, however the electron capture 
decay mode is most common, occurring 72.1% of the time.  The β- decay mode occurs 27.9% of 
the time.  The half-life of 152Eu is 13.537 years (Artna-Cohen 1996). 
These decays produce gamma rays at several different energies.  For the electron 
capture mode, the chief gamma peak occurs at 121.7827 keV with an intensity of 28.67%.  For 
the β- mode, the chief gamma peak occurs at 344.2785 keV with an intensity of 26.6%.  In order 
to best count these peaks, the gamma counter was programmed to measure counts within the 
100-400 keV range. 
This gamma counter utilized a 3-inch sodium iodide crystal which scintillates when 
gamma rays enter the crystal.  The efficiency for this system was 33% for the 100-400 keV 
range.  This process is similar to liquid scintillation, with the difference being that the scintillator 
is an inorganic crystal of sodium iodide.  A single crystal is required for transparency and to 
prevent reflection and absorption within the crystal.  The cooperative interactions of the atoms 
in the crystal cause the discrete energy levels to form a series of energy bands.  The two largest 
energy bands are the valence and conduction bands.  Figure 3.2 describes the energy bands in a 
crystal as well as in a crystal with an activator such as thallium added.  Sodium iodide is an 
insulating material so the valence band states are full while the conduction band states are 
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empty.  Incident radiation from the gamma rays can excite an electron to jump the energy gap, 
typically around 4 eV.  The electron loses its energy eventually, emits a photon, and falls back to 
the valence band. 
Activators, such as thallium, are added to the crystal to increase the probability of 
photon emission and to reduce self-absorption of the light.  As seen in Figure 3.2, activators add 
states in the energy gap and the light emission occurs between the activator states.  The 
wavelength of maximum emission shifts from 303 nm in pure NaI to 410 nm in NaI(Tl) (Krane 
1987, 211).  NaI(Tl) cannot absorb energy at this wavelength because the activator ground 
states are not populated.  This change in wavelength also assists to give better overlap with the 
maximum sensitivity of the photomultiplier tube. 
  
3.3. Gas Pressurized Extraction Chromatography System 
The gas pressurized extraction chromatography system was first developed at Idaho 
National Laboratory and a model was built at Argonne for use in different separations 
(Sommers et al. 2009).  Figure 3.3 displays the system and its components. 
The GPEC system was equipped with teflon tubing, frits, ferrules, nuts, and unions.  All 
fittings and assorted components were purchased from Chrom Tech.  The loading loop was 75 
cm long and the micro-column loop was 25 cm.  Loading solution was pushed through the loops 
by pressurized nitrogen gas.  A Masterflex CL dual-channel tubing pump was used to drive the 
fluid from the loading loop to the column loop and into the sampling vials.  Figure 3.4 shows a 
closer look at a micro-column and its components. 
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The micro-column was filled with a water-TEHDGA slurry.  The slurry was prepared by 
mixing purified water and resin in a beaker and injecting the slurry.  Using a syringe fitted with a 
luer adaptor and screwed into the union of one end of the micro-column, the micro-column 
slowly filled with resin. 
 Calibration studies were done on the micro-column with gas pressure.  First, the flow 
rate was measured for several inlet pressures by measuring the elapsed time to circulate 
purified water from the loading loop through the initial multi-port valve, micro-column, final 
multi-port valve, and to dispense the fluid completely into the sampling vial and the mass of 
fluid.  Table 3.2 shows the results of the flow rate study. 
 Second, the total mass in the loading loop was calibrated.  The loading loop was loaded 
completely with purified water and the total volume dispensed and weighed.  The volume of 
the loading loop was determined to be 635 μL.  The results of the loading loop calibration study 
are shown in Table 3.3. 
Finally, the time to dispense a loading loop volume after the first droplets first appeared 
at the sampling vial outlet was measured using 4 M HNO3.  The average time to dispense the 
loading loop was 6:46.  These results are summarized in Table 3.4. 
Previous work done at Argonne National Laboratory characterized this gas pressurized 
extraction chromatography system with TEHDGA resin.  The number of theoretical plates in a 
microcolumn of 25 cm is 11 and the height equivalence of theoretical plates (HETP) is 2.2 
centimeters (McClain and Kaminski 2010). 
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3.4. Figures 
 
 
 
Figure 3.1. Electronic structure of an organic scintillator (Krane 1987, 209). 
 
 
 
 
 Figure 3.2. Valence and Conduction bands of a crystal with and without an activator 
(Krane 1987, 210). 
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Figure 3.3. Gas Pressurized Extraction Chromatography (GPEC) system. 
 
 
119 
 
 
  
Figure 3.4. DGA-filled micro-column for GPEC System, 25 cm length 
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3.5. Tables 
  
Radionuclide Eα (MeV) 
242Pu stock 233U stock 
242Pu 4.9 80%  
239Pu or 240Pu 4.8 5%  
238Pu or 241Am 5.5 15%  
233U or 234U 4.8  99.3% 
225Ac 5.8  0.3% 
221Fr 6.2, 6.3  0.4% 
 
Table 3.1. Results of alpha plate analysis of 242Pu and 233U stock solutions. 
 
 
Valve Setting (psi) Mass Collected (g) Time (m:s) 
10 0.8346 6:20 
20 0.6353 5:00 
20 0.6323 5:06 
30 0.6512 5:00 
30 0.6298 4:52 
 
 Table 3.2. Flow rate for 10-, 20-, and 30- psig inlet pressure for 25 cm mirco-column 
loop filled with DGA resin on GPEC system. 
 
 
Trial Mass Collected (g) 
1 0.6327 
2 0.6461 
3 0.6316 
4 0.6353 
5 0.6352 
6 0.6311 
7 0.6351 
  
Average 0.63529 
 
Table 3.3. Loading loop volume calibration for a 25 cm mirco-column loop filled 
with DGA resin on GPEC system. 
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 Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 
First Drop 1:05 1:03 1:07 1:11 1:13 
Last Drop 7:20 7:13 8:24 8:46 7:50 
Time Elapsed 6:15 6:10 7:17 7:35 6:37 
Average Time Elapsed     6:46 
Time Elapsed to Collect 150 uL 1:28 1:27 1:43 1:47 1:33 
      
Average Time Elapsed to Collect 150 uL 1:36 
 
 Table 3. 4. Time required to dispense entire loading loop volume after first drops at 
outlet for a 25 cm mirco-column loop filled with DGA resin on GPEC system. 
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CHAPTER 4: PROCEDURE 
 
4.1. Batch-Measured Distribution Coefficients, Kd, Sample Preparation, Separation, and 
Analysis 
 Batch experiments with N, N, N’, N’-tetrakis-2-ethylhexyldiglycolamide (DGA-branched, 
TEHDGA) resin were conducted at five nitric acid concentrations: 0.01, 0.1, 1, 4, and 8 M HNO3.  
Stock solutions were created containing europium-152 and either plutonium-242 or uranium-
233, as well as varied amounts of iron and soil.  Table 4.1 shows the components of the twelve 
stock solutions (six with 242Pu and six with 233U) at 0.01 M HNO3 as an example. 
 Stock solutions for the other four concentrations of HNO3 were prepared using the same 
amounts of iron, soil, plutonium, uranium, and europium, substituting the correct 
concentration of HNO3 for that batch experiment.  First, volumes of 
242Pu (originally 0.271 mM 
in 4 M HNO3), 
233U (originally 2.23 mM in 4 M HNO3), and 
152Eu (originally 37.8 nM in 0.5 M HCl) 
were delivered using a Thermo Scientific Finnpipette and Finntip pipette tips and added to 12 
small glass vials and taken to dryness using a heat lamp.  Next, volumes of Fe standard 
(originally 1000 μg/mL Fe in water with 2% HNO3) were added to four of the vials and taken to 
dryness with the heat lamp.  Microwave-digested and filtered Peruvian soil (~ 10 mg/mL soil in 
8 M HNO3) was added to two vials and again taken to dryness using the heat lamp.  The filtered 
and digested Peruvian soil solution was very well-characterized and has an iron concentration 
of approximately 300 ppm (or 300 mg/L).  See Appendix for digested soil components and 
concentrations.  Finally, each vial was brought up to 5 mL in the correct concentration of HNO3 
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and vortexed for one minute.  The various concentrations of HNO3 were prepared via dilution 
of Optima Grade concentrated 15.8 M HNO3 and purified H2O. 
 Each stock solution was analyzed in duplicate via liquid scintillation counting and in 
duplicate via gamma spectroscopy.  For LSC, 100 μL of the stock was added to 10 mL of 
UltimaGold AB Liquid Scintillator Cocktail in a plastic LSC vial, vortexed for one minute, and 
analyzed using a Packard Tri-Carb Liquid Scintillation Analyzer, Model 2550 TR/AB.  A blank of 
100 μL of acid in 10 mL cocktail was made to correct the stock solution counts.  For gamma 
spectroscopy, 100 μL was added to 0.5 mL of H2O in a plastic test tube and analyzed using a 
Minaxi γ Auto-Gamma 500 Series Gamma Counter with a 3-inch detector.  With the gamma 
spectroscopy, the area of interest was the 100-400 keV range where 152Eu has its two main 
gamma peaks, 121.8 and 344.3 keV) (Artna-Cohen 1996).  Again, a blank of 100 μL acid in 0.5 
mL H2O was counted to correct the stock solution counts.  All samples were counted for one 
hour via LSC and gamma spectroscopy. 
 Separately, 5 mg of DGA-branched resin was weighed into 18 polypropylene Ambion 
RNase-Free 2.0 mL Microfuge tubes, three for each stock solution.  500 μL of stock solution was 
then contacted with the resin in the microfuge tube and vortexed for one minute.  All 
microfuge tubes were mixed on a rotisserie mixer for one hour to allow for proper equilibration 
of the solution with the resin. 
 After mixing, all 500 μL of solution in the microfuge tubes were transferred to Millipore 
Ultrafree-MC Centrifugal Filter Devices and placed in a centrifuge.  The centrifugal filters 
consisted of a filter cup and a filtrate collection tube with a cap.  The cup was made of 
polyvinylidene fluoride (PVDF) and contained 0.5 mL of solution, the membrane of the cup was 
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made of Durapore PVDF and had a 0.22-μm pore size, and the tube was made of 
polypropylene.  The samples were centrifuged to efficiently separate the filtrate from the resin 
for 3 minutes at 3000 rpm. 
 After centrifuging, the centrifugal filters were removed from the centrifuge.  The cup 
contained the resin and an amount of the solution that sorbed to the resin and was disposed.  
The filtrate was collected in the tube and was analyzed via LSC in duplicate and gamma 
spectroscopy twice, using the same procedure as outlined for the stock solutions.  This entire 
process can be summarized as 12 stock solutions, 6 containing 242Pu and 6 containing 233U, each 
with varying amounts of Fe and soil and analyzed in duplicate via LSC and gamma spectroscopy.  
Each stock was contacted to 3 microfuge tubes of resin and each was analyzed in duplicate via 
LSC and gamma spectroscopy. 
 
4.2. Gas Pressurized Extraction Chromatography System Sample Preparation, Separation, 
and Analysis 
 Two GPEC separations to separate 242Pu from 233U in a solution that contained 152Eu and 
digested soil were run.  Feed solutions for the GPEC separation was prepared the same as the 4 
M HNO3 Kd batch experiment for soil, however the feed contained both 
242Pu and 233U together.  
Table 4.2 details the components of the feed solutions.  For the first separation, 5 mL total 
volume of feed solution was run through the GPEC system.  For the second separation, only 
1.150 mL total volume of feed solution was run though the GPEC system.  Both separations 
contained the same concentrations of Pu, U, Eu, and soil. 
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 Several microfuge tubes were labeled and pre-weighed.  These microfuge tubes served 
as collection tubes for the fractions throughout the separation.  Solutions of nitric acid were 
prepared for 4 M, 1 M, 0.1 M, 0.01 M, as well as 0.5 M acetohydroxamic acid (AHA) in 0.01 M 
HNO3 and placed into microfuge tubes for easy handling. 
Construction of the microcolumn began with cutting Teflon PFA tubing (1/16-inch outer 
diameter, 0.04-inch inner diameter) to 25 cm using a razor and stringing an ethylene 
tetrafluoroethylene (ETFE) flangeless nut (1/16-inch outer diameter, 0.04-inch inner diameter, 
threads facing the tubing end), an ETFE flangeless nut, and an ETFE union that was screwed into 
the nuts on each end.  On one end, a 10 μm ultra high molecular weight polyethylene 
(UHMEPE) frit was secured with another flangeless nut.  In a beaker, DGA resin was swirled with 
purified water and aspirated with a syringe outfitted with a poly-ether ketone (PEEK) luer 
adaptor and then connected to the end of the micro-column without a frit.  After filling the 
micro-column, the syringe was removed and a frit and nut placed to secure the open end.  
Figure 3.4 shows what a fully-constructed micro-column looks like. 
Figure 4.1 shows the flowsheet used in the first separation and outlines the procedure 
for GPEC separation.  The micro-column is first pre-equilibrated with several bed volumes of 4 
M HNO3 and then loaded with the feed solution, also in 4 M HNO3.  The first rinse of 1 M HNO3 
removes many of the alkali, alkaline earth, and transition metal interferents.  Next the 233U and 
152Eu are eluted from the micro-column with 0.1 M HNO3.  Any remaining 
233U and 152Eu is 
removed in the successive rinse with more 0.1 M HNO3.  
242Pu (IV) is then reduced to 242Pu (III) 
with the introduction of AHA and eluted from the column.  The following rinse removed any 
remaining 242Pu. 
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Figure 4.2 shows the modified flowsheet used in the second separation.  Instead of a 1 
M HNO3 rinse, the second separation utilized a 4 M HNO3 rinse to ensure that no radioactivity 
leaked in the first rinse.  The rest of the separation followed the same procedure as the first 
separation.  However, additional bed volumes were included to ensure better collection of the 
233U and 242Pu rinses. 
Fractions were taken throughout the separation.  From each 150 μL fraction, two-50 μL 
aliquots were collected for LSC analysis.  In order to determine the purity of the separation, 10 
μL aliquots from the fractions containing the 233U and 242Pu peaks were submitted for alpha 
plate analysis by the Analytical Chemistry Group to determine purity of the separation.  The 
uranium fractions were also analyzed using the high-purity germanium detector to quantify the 
amount of 152Eu and 241Am. 
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4.3. Figures 
 
 
 
 Figure 4.1. Flowsheet for 242Pu and 233U separation using GPEC system with DGA-
filled micro-column, 25 cm length. 
 
 
Condition with 4 M HNO3, 10 bed 
volumes 
Load feed solution (in 4 M HNO3), 
25 bed volumes 
Rinse with 1 M HNO3, 4 bed 
volumes 
Strip 233U (VI) and 152Eu (III) with 
0.1 M HNO3, 3 bed volumes 
Rinse with 0.1 M HNO3, 3 bed 
volumes 
Reduce 242Pu (IV) to (III) and Strip 
with 0.5 M AHA in 0.01 M HNO3, 
9 bed volumes 
Rinse with  0.5 M AHA in 0.01 M 
HNO3, 9 bed volumes 
Rinse with 0.01 M HNO3, 3 bed 
volumes 
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Figure 4.2. Modified flowsheet for second separation for 242Pu and 233U separation 
using GPEC system with DGA-filled micro-column, 25 cm length. 
 
  
Condition with 4 M HNO3, 10 bed 
volumes 
Load feed solution (in 4 M HNO3), 
6 bed volumes 
Rinse with 4 M HNO3, 4 bed 
volumes 
Strip 233U (VI) and 152Eu (III) with 
0.1 M HNO3, 3 bed volumes 
Rinse with 0.1 M HNO3, 10 bed 
volumes 
Reduce 242Pu (IV) to (III) and Strip 
with 0.5 M AHA in 0.01 M HNO3, 
9 bed volumes 
Rinse with  0.5 M AHA in 0.01 M 
HNO3, 15 bed volumes 
Rinse with 0.01 M HNO3, 8 bed 
volumes 
129 
 
4.4. Tables 
 
[HNO3] 
(M) 
Volume HNO3 
(μL) 
[Fe] 
(mg/L) 
Fe std 
(μL) 
Peruvian Soil 
(μL) 
242Pu std 
(μL) 
233U std 
(μL) 
152Eu std 
(μL) 
0.01 5000 - - - 100 50 50 
        
0.01 5000 1 5 - 100 50 50 
0.01 5000 10 50 - 100 50 50 
0.01 5000 100 500 - 100 50 50 
0.01 5000 500 1000 - 100 50 50 
        
0.01 5000 - - 2500 100 50 50 
 
Table 4.1. Components of 0.01 M HNO3 stock solutions for DGA Kd batch 
experiment. 
 
 
[HNO3] 
(M) 
 Volume HNO3 
(μL) 
Peruvian Soil 
(μL) 
242Pu std 
(μL) 
233U std 
(μL) 
152Eu std 
(μL) 
4 5000 2500 100 50 50 
 
Table 4.2. Components of feed solution for GPEC separation with DGA micro-
column, 25 cm length. 
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CHAPTER 5: RESULTS 
 
5.1. Batch-Measured Distribution Coefficients, Kd, Results 
 Batch Kd measurements for plutonium, uranium, and europium were conducted at 
several concentrations of nitric acid and iron concentrations, following the procedure outlined 
in Chapter 4.  Tables 5.1-3 show the measured distribution coefficients for 242Pu, 233U, and 152Eu 
in the range of acid and iron concentrations.  In Table 5.2, many of the values for the 
distribution coefficients for uranium in 0.01 M and 0.1 M HNO3 were less than 1.0 and were 
difficult to quantify and so they were set to a value of 0.1.  These values have been highlighted 
in italic text. 
The batch experiments for 0 mg/L Fe concentration and no soil were the only values 
that could be compared to the literature for k’ values (Horwitz et al. 2005).  These literature k’ 
values can be converted to Kd values by use of Equation 2.46.  Table 5.4 shows these literature 
values for k’ for plutonium, uranium, and europium and the calculated Kd values from the k’ 
values. 
 There was a clear discrepancy between the calculated literature value and the batch 
experiments for Pu for 0 mg/L Fe, particularly in 0.01 M and 0.1 M HNO3.  This was most likely 
due to the fact that the plutonium oxidation state was not controlled in the batch experiments.  
The literature values are given for Pu4+ in 0.01 M and 0.1 M HNO3 and as explained in Chapter 
2: Theory, Section 2.2: Plutonium Chemistry, if left uncontrolled, Pu4+ will disproportionate 
quite extensively in low nitric acid concentration.  It was expected that the plutonium is 
predominantly in the +3 state, as seen in Figure 2.10, with a substantial amount of PuO2
+ as 
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well.  According to (Zhu et al. 2004), NpO2
+ does not associate with TODGA as strongly as Pu4+ 
(approximately 1.2 and 3.0 TODGA molecules associated with the respective metal cations in n-
dodecane solvent extraction reactions) and therefore it can be assumed that PuO2
+, which has a 
similar size as that of NpO2
+, will also not associate strongly with DGA resins (Zhu et al. 2004, 
166–167).  This leaves the matter of Pu3+ association.  The k’ values for Am3+, which can be used 
to model Pu3+ behavior due to approximately similar size, at 0.01 M and 0.1 M HNO3 were 0.55 
and 2.5 respectively, giving Kd values of approximately 1 and 4.3 mL/g, respectively.  The actual 
distributions of oxidation states of plutonium in the low nitric acid concentrations in the batch 
experiments were unknown, the general disproportionation of Pu gave the most reasonable 
explanation for why the measured Kd was only a small fraction of what the literature gave for 
pure Pu4+.  At the lower nitric acid concentrations, uranium and europium gave values that 
were consistent with the reported literature values. 
 At 1 M HNO3 and 0 mg/L Fe, plutonium existed almost entirely as Pu
4+ and 
subsequently, the batch Kd values matched quite nicely.  Uranium values also agreed.  The 
picture for europium was not quite as clear.  The two batch Kd values (Eu + Pu and Eu + U) were 
close, but they were both rather large when compared to the literature value.  This may have 
been the result of the fact that much of the resin was already complexed with the available Pu 
or U, thus removing the number of available sites for Eu to complex.  More importantly, the 
initial concentration of U was much greater than that of Eu.  Plutonium had a k’ value of more 
than an order of magnitude greater than that of europium and therefore complexes more 
effectively than europium. 
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 At 4 M and 8 M HNO3, Pu and U can be safely assumed to be in the +4 and +6 states 
respectively, and therefore it made sense that the batch experiment Kd values of Pu and U 
matched those of the literature.  In contrast, the measured batch Kd values for Eu were not to 
be trusted at these relatively  large concentrations of nitric acid.  The k’ values for Eu at these 
concentrations of acid were so large that essentially all of the loaded Eu was complexed to the 
resin.  The count rate of the filtrate solution after equilibrating with the resin was so low that it 
was less than the background count-rate of the gamma detector.  In order to have meaningful 
results for the batch Kd experiments, the final count rate of the filtrate from after equilibration 
with the resin must be significantly greater than that of the background.  This is generally 
accomplished by ensuring loading an amount of element of interest is large enough such that 
that the final count rate is at least 10 % of the initial count rate loaded.  In these batch 
experiments, the amount of Eu was held constant across all acid concentrations and Fe 
concentrations to garner a general qualitative picture in the case of Eu. 
 There were some interesting trends when looking at a particular element of interest 
across the nitric acid concentrations and iron concentrations.  It is important to highlight the 
significant components of the soil solution which may affect the distribution coefficients, 
causing the measured values to be either higher or lower than what the literature found.  The 
Fe concentration in the digested soil solution and the batch tests was nearly 300 mg/L (fitting in 
neatly with the other Fe concentration data ranging from 0 to 500 mg/L Fe) and the soil also 
contained Al3+ at nearly 300 mg/L, Ca2+ at 120 mg/L, and various other alkaline and transition 
metals at concentrations at concentrations at or greater to those of Pu and U.  There were no 
significant lanthanides present in concentrations greater than 0.36 mg/L, an order of magnitude 
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less than that of Pu or U.  For further analysis, the composition of the digested soil is listed in 
the Appendix. 
Figure 5.1 shows the behavior for Pu on TEHDGA resin versus nitric acid concentration, 
with the different iron concentration curves overlaid.  In general, the batch Kd values increased 
with increasing nitric acid concentration, as expected.  At the lower nitric acid concentrations, 
0.01 M and 0.1 M HNO3, the batch Kd values were very close, regardless of Fe concentration.  At 
1 M HNO3 and greater, the batch Kd value for the soil appeared to be depressed compared to 
the other Fe concentration data points.  The curves of the soil data compared to the clustering 
of the other Fe data seem to mirror each other and increase with the same slope from 1 M to 8 
M HNO3.  The most obvious reason for this depression in the soil batch Kd values is that the 
other components of the soil, notably Ca and to a lesser degree Pb and Sr, compete with 
plutonium and uranium for sites in the resin.  Calcium was present in relatively larger 
concentrations, more than 100 times that of plutonium or uranium, and had a very large Kd 
value that was approximately 300 in 1 M and 4 M HNO3 and 25 in 8 M HNO3.  Lead and 
strontium, though at much smaller concentrations than that of calcium, were present at 
concentrations close to that of plutonium and uranium and had significant Kd values of roughly 
100 at 1 M HNO3, as well as Kd values of 17 and 34 at 4 M HNO3.  With Ca’s high Kd, coupled 
with its larger concentration compared to that of Pu, as well as the non-trivial complexation of 
Pb and Sr with DGA resins, the Pu Kd should be somewhat less than that of the 0 mg/L Fe data 
because of competitive interations. 
Figure 5.2 likewise shows the batch Kd experiment behavior for U versus nitric acid 
concentration, with the curves for the various Fe concentrations overlaid.  Again, the general 
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trend is that for increasing nitric acid concentration, the batch Kd increased, regardless of iron 
concentration in solution.  As compared to the data for Pu in Figure 5.1, U showed much more 
clustered data for the various Fe concentrations across the entire nitric acid range.  Once more, 
the effect of large concentrations of Ca, Pb, and Sr in the dissolved soil solution competing for 
resin sites depressed the batch Kd value by less than an order of magnitude in moderate to high 
nitric concentrations.  The U-soil solution Kd value was slightly smaller than that of the other U-
Fe solution Kd values. 
Figure 5.3 shows the batch Kd results for the behavior of Eu in the presence of Pu versus 
nitric acid concentration, with the curves for the various Fe concentrations overlaid.  Figure 5.4 
shows the batch Kd behavior for Eu in the presence of U versus nitric acid concentration, with 
the curves for the various Fe concentrations overlaid.  As mentioned before, the measured 
batch Kd value at relatively large nitric concentration, 4 and 8 M HNO3, were not valid values 
and should not be considered.  At the low and intermediate nitric acid concentrations, 0.01 to 1 
M HNO3, the batch Kd values for Eu in the presence of Pu and in the presence of U were in close 
agreement. 
In Figure 5.3, the batch Kd values for Eu increased with increasing nitric acid 
concentration, as expected.  Increasing Fe concentration did not have a large impact on the 
batch Kd value at low nitric acid concentrations, 0.01 and 0.1 M HNO3, and the soil experiments 
yielded similar Kd values as the cluster of Fe concentrations.  There was a significant difference 
at 1 M HNO3.  The Fe batch experiments all yielded similar results but the soil experimental 
value was significantly less, over an order of magnitude.  This was most likely due to the 
relatively large Ca2+ concentration in the soil competing with Eu for resin sites.  As explained 
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before in Figure 2.25, Ca2+ has a peak k’ value at 1 M HNO3 of 200, resulting in a Kd value of 
approximately 300 mL/g.  As seen in Figure 2.23, Eu3+ had a k’ value of approximately 300, 
resulting in a Kd value of approximately 500 mL/g.  These ions from the soil in solution will 
complex with the resin equally well, but given that Ca had a concentration over 60 times 
greater (122 mg/L versus 2 mg/L) than that of Eu, the Kd value for Eu in soil was depressed as 
compared to those with no soil or Ca present. 
The data from Figure 5.4, Eu batch Kd values with U, yielded similar results as Figure 5.3, 
Eu batch Kd values with Pu.  Generally, increasing nitric acid concentration increased the batch 
Kd value for Eu.  Increasing iron concentration in solution did not appear to have an effect on 
the measured batch Kd value.  At 1 M HNO3, the batch soil Kd was significantly less than that of 
the non-soil batch experiments. 
 
5.2. Gas Pressurized Extraction Chromatography System Results 
 Utilizing the results garnered from the batch Kd experiments as well as previous work 
completed at Argonne National Laboratory, a separation scheme was developed to run on a 
gas-pressurized extraction chromatography system.  The outline for the first separation scheme 
is shown in Figure 4.1.  The results from this separation are shown in Figure 5.5.  These results 
were obtained by assaying aliquots of the fractions taken throughout the separation via liquid 
scintallation and therefore only account for the 242Pu and 233U.  The actual assaying took place 
after the separation was run.  Because the alpha energies of these two isotopes are so close, it 
was not possible to discriminate between them and Figure 5.5 only shows the total count rate.  
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The fractions for the first separation were not assayed using gamma counting, alpha-plates, or 
ICP-MS. 
 The column must first be conditioned with 4 M HNO3.  The loading solution contained 
the 242Pu, 233U, and 152Eu, as well as the digested soil solution in 4 M HNO3.  The loading 
solution was pumped into the GPEC system in 8 sample loops and slowly allowed to equilibrate 
with the resin in the column.  The column was then rinsed with 4 bed volumes of 1 M HNO3.  At 
this concentration, most of the major contaminants were removed from the column, namely 
the iron.  The Pu, U, and Eu should remain on the column in 1 M HNO3, but toward the end of 
the 1 M HNO3, some activity began to leach from the column.  This was most likely 
233U because 
it had a smaller Kd value at 1 M HNO3 than Pu
4+.  Additionally, this activity cannot be attributed 
to alpha-decaying uranium daughter products because the starting uranium stock was over 99% 
233U, as noted in Table 3.1.  Europium would also have been expected to leach from the column 
at this point. 
 After rinsing, the column was washed with 3 bed volumes of 0.1 M HNO3.  At this low 
nitric acid concentration, U came off quite rapidly and the peak activity came off at 9.4 bed 
volumes.  The Eu should also continue to elute from the column at this point.  The Pu4+ should 
remain on the column.  The column was further washed with an additional 3 bed volumes of 
0.1 M HNO3 to remove any remaining U.  Unfortunately the activity did not fully reach 
background levels after reaching the U peak, indicating that the Pu began to elute from the 
column before addition of AHA / 0.01 M HNO3.  This was undesired as this separation process is 
intended to separate Pu and U into two pure streams. 
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 Next, the column was washed with 3 bed volumes of 0.5 M AHA in 0.01 M HNO3.  The 
AHA reduced any Pu4+ to Pu3+ and in 0.01 M HNO3, the Kd value was quite low (~1 mL/g), 
resulting in a rapid elution stream of Pu.  The peak activity occured at 10.85 bed volumes and 
the majority of the activity was contained in three fractions.  The column was further rinsed 
with an additional 9 bed volumes of AHA in 0.01 M HNO3 to continue reducing and eluting any 
remaining Pu.  The final stage of rinsing the column with 3 bed volumes of 0.01 M HNO3 did not 
yield much activity, but brought the stream activity down to background levels. 
 The key issues in this separation arose from too much loading solution loaded onto the 
column.  Though the column did not reach full capacity for sorbing ions to the resin, the mere 
running of so much nitric acid brought the U and Pu to the brink of elution.  The capacity of the 
resin is 0.095 mmol Eu per mL of bed (Horwitz et al. 2005).  In the first separation, 0.107 umol 
233U, 0.0260 umol 242Pu, and 0.00181 nmol 152Eu  were loaded onto 0.146 mL of bed.  Assuming 
that the resin’s capacity for U and Pu is the same as for Eu, the percent loading was 0.828% for 
U, 0.201% for Pu, and 1.40 x 10-5% for Eu. To understand this, it is important to highlight the 
physical meaning of Kd values.  A Kd value is the distribution coefficient or a constant times the 
k’, the number of free column volumes to peak maximum, as seen in Equation 2.46.  By the end 
of the loading of the 4 M HNO3 feed solution, so many column volumes had passed through the 
column that the U was close to eluting; the reduction to 1 M HNO3 meant that the U was ready 
to elute.  Because U and Pu did not elute when expected, the separation scheme was not 
effective for predicting which fractions would contain the theoretical purified streams.  
Furthermore, because the activity peaks for U and Pu seemed to overlap, the separation 
scheme was not effective at separating in the first place. 
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 In order to optimize the separation scheme for better predictive power, several changes 
were implemented.  Firstly, less feed solution was loaded onto the column.  Instead of 5 mL, 
only 1.150 mL was loaded.  This reduced the number of bed volumes of feed solution passed 
through the column that could potentially wash out the Pu and U.  Next, the rinse solution was 
changed from 1 M HNO3 to 4 M HNO3.  As seen in the batch Kd experiments, the retention of 
Pu, U, and Eu were all extremely high in high nitric acid concentration.  Additionally, more bed 
volumes of 0.1 M HNO3 were run to ensure a better separation between the U and Pu peaks.  
For this second separation, fractions were analyzed using LSC for alpha activity, indicating 
presence of Pu or U, alpha plates for specific ratios of Pu to U activity in fractions where 
different elements could be present, and gamma counting for Eu presence. 
 Figure 5.6 displays the elution curve for the second separation.  After conditioning, the 
loading solution containing the Pu, U, Eu, and soil was loaded onto the column.  Whereas in the 
first separation the feed solution was loaded in 6.58 bed volumes, the feed solution in the 
second separation only took 1.62 bed volumes.  The column was then rinsed with several bed 
volumes of 4 M HNO3 to remove any contaminants from the soil, but leaving the Pu, U, and Eu 
on the column.  No activity was measured in this first rinse, unlike in the first separation. 
 Following the new 4 M HNO3 rinse, U was stripped from the column with 0.1 M HNO3.  
The sharp peak at 4.23 bed volumes corresponded to the U and 75% of the U activity was 
collected in only 0.34 bed volumes.  The column was furthered washed with 0.1 M HNO3 to 
elute any remaining U.  The Kd value for Eu was only slightly larger than that of U and so Eu 
began to elute in this rinse.  When Eu began to elute at around 5.68 bed volumes, some 
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additional U eluted from the column.  Unfortunately, Eu did not come off the column in as 
sharp a peak as U and the majority of Eu was collected spread over 2.22 bed volumes. 
 The Pu was reduced and stripped again with 0.5 M AHA in 0.01 M HNO3.  The Pu was 
immediately stripped from the column at the sharp peak at 7.51 bed volumes.  Over 94% of the 
Pu was collected in a mere 0.64 bed volumes.  The column was washed with additional 0.5 M 
AHA in 0.01 M HNO3 to elute any remaining Pu.  The column was finally washed with 0.01 M 
HNO3.  No significant activity was measured in this final rinse. 
 Overall, the second separation was successful at separating Pu and U from the soil.  At 
the U peak, 100% of the alpha activity was the result of U with no Pu or Eu present.  At the Pu 
peak, 99% of the alpha activity was due to Pu.  The Eu did not elute from the column in a sharp 
peak and instead was spread over several fractions.  Approximately 8% of the loaded Eu activity 
was present in the peak for Pu.  Figure 5.7 shows percent recovery of Pu, U, and Eu for each 
individual fraction.  Analysis of the fractions collected resulted in 97% recovery for Pu, 84% 
recovery for U, and 81% recovery for Eu.  Figure 5.8 shows the cumulative recovery of Pu, U, 
and Eu versus bed volume.  Clearly, the separation was successful for collecting purified U and 
Pu. 
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5.3. Figures 
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 Figure 5.1. Distribution coefficients for plutonium-242 versus nitric acid 
concentration, with curves for different iron concentrations in solution overlayed.  Also 
displayed is the calculated distribution coefficient from (Horwitz et al. 2005). 
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 Figure 5.2. Distribution coefficients for uranium-233 versus nitric acid concentration, 
with curves for different iron concentrations in solution overlayed.  Also displayed is the 
calculated distribution coefficient from (Horwitz et al. 2005). 
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 Figure 5.3. Distribution coefficients for europium-152 versus nitric acid 
concentration, with curves for different iron concentrations in solution overlayed.  The 
solutions also contain plutonium-242.  Also displayed is the calculated distribution coefficient 
from (Horwitz et al. 2005). 
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 Figure 5.4. Distribution coefficients for europium-152 versus nitric acid 
concentration, with curves for different iron concentrations in solution overlayed.  The 
solutions also contain uranium-233.  Also displayed is the calculated distribution coefficient 
from (Horwitz et al. 2005). 
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 Figure 5.5. Elution curve for first separation of plutonium-242 and uranium-233 
using gas-pressurized extraction chromatography system. 
 
 
145 
 
0 2 4 6 8 10 12 14
0
10000
20000
30000
40000
50000
60000
T
o
ta
l 
F
ra
c
ti
o
n
 C
o
u
n
t 
R
a
te
 (
c
p
m
)
Cumulative Number of Bed Volumes
 Total Fraction Count Rate
GPEC Separation of 
242
Pu and 
233
U
L
o
a
d
in
g
 4
 M
 H
N
O
3
R
in
s
e
 4
 M
 H
N
O
3
U
 S
tr
ip
 0
.1
 M
 H
N
O
3
R
in
s
e
 0
.1
 M
 H
N
O
3
P
u
 S
tr
ip
 A
H
A
/0
.0
1
 M
 H
N
O
3
R
in
s
e
 A
H
A
/0
.0
1
 M
 H
N
O
3
R
in
s
e
 0
.0
1
 M
 H
N
O
3
 
 Figure 5.6. Elution curve for second separation of plutonium-242, uranium-233, and 
europium-152 using gas-pressurized extraction chromatography system. 
 
 
146 
 
0 2 4 6 8 10 12 14
0
10
20
30
40
50
60
70
80
90
100
P
e
rc
e
n
t 
R
e
c
o
v
e
ry
Cumulative Number of Bed Volumes
 Percent Recovery, 
242
Pu
 Percent Recovery, 
233
U
 Percent Recovery, 
152
Eu
GPEC Separation of 
242
Pu, 
233
U, and 
152
Eu
R
in
s
e
 0
.0
1
 M
 H
N
O
3
R
in
s
e
 A
H
A
/0
.0
1
 M
 H
N
O
3
P
u
 S
tr
ip
 A
H
A
/0
.0
1
 M
 H
N
O
3
R
in
s
e
 0
.1
 M
 H
N
O
3
U
 S
tr
ip
 0
.1
 M
 H
N
O
3
R
in
s
e
 4
 M
 H
N
O
3
L
o
a
d
in
g
 4
 M
 H
N
O
3
 
 Figure 5.7. Percent recovery of plutonium-242, uranium-233, and europium-152 of 
each fraction collected in second separation. 
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 Figure 5.8. Cumulative recovery of plutonium-242, uranium-233, and europium-152 
versus bed volume in second separation. 
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5.4. Tables 
 
Concentration  
of Fe (mg/L) 
Concentration 
of HNO3 (M) 
242Pu Kd 
(mL/g) 
Error 
0 0.01 111 4.7195 
 0.1 32.9 13.133 
 1 3,880 0.062625 
 4 371,00 0.0022793 
 8 304,000 0.00013244 
1 0.01 96.9 5.1671 
 0.1 47.3 11.268 
 1 4,660 0.057356 
 4 25,800 0.0041397 
 8 531,000 0.00013296 
10 0.01 90.9 5.4118 
 0.1 78.8 8.4076 
 1 4,800 0.052948 
 4 39,800 0.0018125 
 8 252,000 0.00011068 
100 0.01 0.1 20.905 
 0.1 29.2 14.173 
 1 5,730 0.040028 
 4 2,980 0.08955 
 8 225,000 0.00012155 
500 0.01 1.57 21.936 
 0.1 26.7 14.908 
 1 4,840 0.051087 
 4 1,070 0.40884 
 8 3,430 0.060193 
soil 0.01 163 4.2548 
 0.1 69.9 8.8071 
 1 563 1.0467 
 4 2,050 0.14729 
 8 7,870 0.017058 
 
 Table 5.1. Distribution coefficients for plutonium-242 with various concentrations of 
iron versus nitric acid concentration. 
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Concentration  
of Fe (mg/L) 
Concentration 
of HNO3 (M) 
233U Kd 
(mL/g) 
Error 
0 0.01 0.1 74.501 
 0.1 0.1 82.868 
 1 37.1 47.193 
 4 399 4.729 
 8 2,430 0.39933 
1 0.01 0.1 81.096 
 0.1 1.3 81.915 
 1 36.2 48.599 
 4 506 4.0311 
 8 2,400 0.43096 
10 0.01 0.1 84.899 
 0.1 0.1 85.329 
 1 37.9 45.616 
 4 480 4.6439 
 8 2,400 0.4347 
100 0.01 0.1 88.677 
 0.1 0.1 84.772 
 1 35.6 47.814 
 4 466 4.3374 
 8 1,640 0.60552 
500 0.01 0.1 87.902 
 0.1 0.1 85.411 
 1 31.5 51.212 
 4 713 3.0445 
 8 1,500 0.62673 
soil 0.01 0.1 84.962 
 0.1 0.1 65.142 
 1 23 58.782 
 4 202 11.912 
 8 1,130 1.0557 
 
 Table 5.2. Distribution coefficients for uranium-233 with various concentrations of 
iron versus nitric acid concentration.  Italic text indicates values below 1 and have been forced 
to 0.1. 
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Concentration 
Fe (mg/L) 
Concentration 
HNO3 (M) 
Kd, 
measured 
with Pu 
(mL/g) 
Error Kd, 
measured 
with U 
(mL/g) 
Error 
0 0.01 15.7 10.437 15 10.553 
 0.1 16.6 9.769 12.3 10.048 
 1 2,810 0.059345 2,280 0.082405 
 4 290,000 0.0001616 29,500 0.0023427 
 8 112,000 0.00027871 35,200 0.0014208 
1 0.01 14 10.804 16.4 10.405 
 0.1 16.4 10.108 20 9.9261 
 1 2,630 0.073596 2,410 0.07735 
 4 233,000 0.00061035 40,100 0.0012693 
 8 65,000 0.00066165 75,300 0.0023024 
10 0.01 13.5 10.934 13.6 10.652 
 0.1 16 10.187 18.1 9.9489 
 1 2,730 0.069683 2,560 0.06788 
 4 460,000 0.000062264 29,100 0.0022656 
 8 53,100 0.00096153 32,900 0.0021878 
100 0.01 12.5 10.836 12 11.079 
 0.1 16.2 10.258 20.5 9.8525 
 1 3,080 0.057575 2,460 0.072335 
 4 436,000 0.000062669 32,400 0.0017337 
 8 45,100 0.0010424 22,800 0.0029129 
500 0.01 10.8 11.305 10.3 11.313 
 0.1 18.4 9.9024 22 9.2458 
 1 2,600 0.068642 2,370 0.079008 
 4 444,000 0.000063099 53,200 0.0007977 
 8 22,300 0.0027608 27,300 0.0023235 
Soil 0.01 16.5 10.498 12 11.246 
 0.1 17.4 10.081 20.6 9.7937 
 1 85 4.6403 106 4.0084 
 4 19,400 0.0034422 12,300 0.0067915 
 8 37,600 0.0019482 19,800 0.0034691 
 
 Table 5.3. Distribution coefficients for europium-152 with plutonium-242 or 
uranium-233 and various concentrations of iron versus nitric acid concentration. 
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Concentration 
of HNO3 (M) 
Pu k’, 
measured 
Pu Kd, 
calculated 
(mL/g) 
U k’, 
measured 
U Kd, 
calculated 
(mL/g) 
Eu k’, 
measured 
Eu Kd, 
calculated 
(mL/g) 
0.01 700 1,200 0.15 0.3 0.6 1 
0.1 600 1,000 0.25 0.4 3 5 
1 2,000 3,500 10 17 300 500 
4 15,000 26,000 170 300 6,000 10,000 
8 60,000 100,000 1,000 1,700 15,000 26,000 
 
 Table 5.4. Measured literature values for k’ values and calculated distribution 
coefficients for plutonium, uranium, and europium in various concentrations of nitric acid 
(Horwitz et al. 2005, 25, 29). 
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CHAPTER 6: DISCUSSION 
 
6.1. Batch-Measured Distribution Coefficients, Kd, Discussion 
 Batch distribution coefficient experiments were conducted to measure the retention of 
242Pu, 233U, and 152Eu in varying concentrations of nitric acid, from 0.01 M to 8 M HNO3, and 
with varying concentrations of iron, from 0 mg/L to 500 mg/L, and finally with a digested soil 
sample that contained approximately 300 mg/L Fe on TEHDGA resin.  These batch experiments 
for Pu and U were conducted separately because the filtrates were analyzed via liquid 
scintillation counting and LSC was unable to discriminate between alpha particles that are close 
in energy.  Both sets of experiments contained europium and gamma counting was used to 
measure europium’s gamma peaks. 
 For the past 50 years, scientists have sought accurate and dependable methods for 
determining the presence and concentration of actinides in environmental and biological 
samples.  Some of the most successful methods have utilized extraction chromatographic resins 
and as mentioned earlier, one of the most well-known resin used is the TRU resin.  Recently, 
several groups have developed procedures using TRU, TEVA, and Diphonix resins to determine 
the amount of low level radionuclides in soil or sediment samples (Horwitz et al. 1990; Horwitz 
et al. 1993; Kim, Burnett, and Horwitz 2000).  These efforts were hampered by the difficultly in 
purifying actinides because of large concentrations of salt ions and did not look at separation of 
plutonium and uranium in the initial feed solution (Lee et al. 2007).  Recent work has improved 
separations involving these resins and looked at a more comprehensive initial feed solution 
including Pu, Np, Am, and U, however several different resins were required to isolate each 
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actinide, recoveries were generally lower than 80%, and nearly 100 column volumes of effluent 
were required (Lee et al. 2007). 
 In order to improve recovery, several batch experiments have been performed to study 
actinide and lanthanide behavior with TODGA and TEHDGA extractants (Zhu et al. 2004).  This 
work developed into research on DGA resins for extraction chromatographic systems.  Most of 
this work has focused separating actinides and lanthanides from simulated low level and high 
level waste (VanHecke and Modolo 2004; Hoshi et al. 2004).  The aim of the separations is to 
develop processes for reprocessing PUREX raffinates after a specific amount of burn-up and 
cooling period.  These raffinates contain several actinides besides plutonium and uranium like 
curium and americium, as well as lanthanides and other metal fission products.  The 
concentrations of these fission products can be predicted very accurately. 
 High-level waste in the United States has been defined as “the highly radioactive 
material resulting from the reprocessing of spent fuel, including liquid waste produced directly 
in reprocessing, and any solid material derived from such liquid waste, that contains fission 
products in sufficient concentrations and other highly radioactive material that the Nuclear 
Regulatory Commission … determines by rule requires permanent isolation” and also contains 
transuranic waste, defined as “wastes containing alpha-emitting isotopes with Z > 92, with half 
lives longer than 5 years, and concentrations greater than 100 nCi per gram of waste” 
(Tsoulfanidis 2013, 306).  Table 6.1 shows the radioactivity from the principle fission products in 
irradiated fuel.  The fuel burn-up is 33,000 megawatt days per metric ton of uranium (MWd/tU) 
in a 1000 megawatt electric (MWe) pressurized water reactor (PWR).  Table 6.2 shows the 
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radioactivity from principle actinides in irradiated fuel.  The fuel burn-up is 33,000 MWd/tU in a 
1000 MWe PWR, 150 days after discharge. 
Low-level waste in the United States is defined as “not high-level waste, spent nuclear 
fuel, transuranic waste, or by-product material” (Tsoulfanidis 2013, 306).  It is generated by 
activities involving radioactive materials and also includes naturally occurring and accelerator-
produced radioactive materials.  It is classified as Class A, B, or C waste (Tsoulfanidis 2013, 379–
380).  It generally consists of contaminated protective coverings, rags, cleaning equipment, 
tools, medical tubes, injection needles, and laboratory animal tissues.  Table 6.3 shows the 
radioactivity limits for each class of low-level waste. 
 There are significant differences between simulated high-level and low-level wastes and 
the soil solution utilized in this study.  This soil contains different concentrations of lanthanides 
and other metals than would be expected in raffinates with fission products, which can 
complicate separations in different ways than raffinates do.  These concentrations can be 
expected to be significantly different because of the extensive cooling period.  All fission 
products have very different half-lives, ranging from days to millions of years and therefore 
after the typical 3-year cooling period, many fission products may not even be present at 
detectable levels.  Additionally, it is important to study the specific chemistry of plutonium and 
uranium with the soil solution, without the added complexity of other actinides like curium and 
americium.  Though these actinides might be present in an actual nuclear event, the aim of the 
separation chromatographic system is to sensitively quantify the amounts of plutonium and 
uranium.  Future work may need to be done to investigate effective pre-separation steps to 
remove these less important actinides from the soil.  In these cases, it would be necessary to 
155 
 
attach a new column to the gas-pressurized extraction chromatography system at a specific 
point when the other actinides could be removed without disturbing the plutonium and 
uranium.  Thankfully there are many options for useful extraction chromatographic resins that 
are useful for other actinides. 
 In comparing the measured 0 mg/L Fe data with literature data, U gave the most 
consistent results across the acid range.  The measured Pu Kd values agreed in the moderate to 
high nitric acid range, 1 - 8 M HNO3, but differed at low nitric acid concentration.  This is most 
likely due to the fact that Pu’s behavior is contingent on its oxidation state.  At moderate to 
high nitric acid, Pu exists almost entirely as Pu4+.  At lower acid concentration, Pu can exist in a 
variety of oxidation states and is mostly Pu3+ and Pu5+.  Because the oxidation state of Pu was 
not kept constant in the batch experiments, the measured Kd values are less than the literature 
values for Pu4+.  The measured Eu Kd values at low and moderate acid agreed quite nicely with 
literature values, but disagreed at high acid concentration.  This disagreement was the result of 
an insufficiently concentrated Eu spike, rather than any chemical reasons.  Because a fixed 
amount of Eu was added to the experimental solutions and at high nitric acid concentration Eu 
had such a high k’ value, all of the added Eu was complexed with the resin and none could be 
measured in the filtrate. 
 In the cases of Pu and U, the measured Kd values increased across the acid range.  There 
was very little effect with increasing Fe concentration.  The soil batch experiments across the 
acid range gave slightly depressed values for Kd as compared to the clustered Fe data points.  
This was most likely the result of the relatively large concentrations of other contaminants in 
the digested soil, like Ca, and other alkaline and transition metals.  These contaminants were 
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present at higher concentrations than Pu and U and competed for resin sites, thus reducing the 
Kd values. 
 The behavior of Eu with Pu and Eu with U on TEHDGA resin gave similar results to each 
other for the batch Kd values.  Soil batch experiments also gave slightly lower values for Kd 
across the nitric acid range as compared to the other Fe data points.  This resulted from 
competition with Ca and other alkaline and transition metals for sites in the resin, reducing the 
effective Kd values for Eu. 
 
6.2. Gas Pressurized Extraction Chromatography System Discussion 
 Many times, TODGA resin is studied for extraction chromatography work due to its 
higher uptake and selectivity as compared to TEHDGA (Horwitz et al. 2005).  It is important 
therefore to develop more separation procedures for TEHDGA to better understand its 
behavior.  Additionally, most separations are prepared as conventional gravity flow columns in 
which relatively large volumes of acid are passed through relatively large columns.  A typical 
bed volume can be 2.0 mL and nearly 60 bed volumes of acid can be passed through the 
column, as compared to a 600 μL bed volume and nearly 15 bed volumes of acid solution in this 
work (Horwitz et al. 2005).  Using the gap-pressured system allows for smaller volumes and 
smaller column sizes.  In terms of the overall goal to develop a rapid microscale sensor to 
rapidly separate plutonium and uranium, the larger bed volumes of resin and solution would 
slow down the process significantly. 
 In terms of separations using a gas-pressurized extraction chromatography system for 
actinide separations, studies have focused on other goals beside separating plutonium and 
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uranium (Sommers et al. 2009).  Moreover, these studies have not utilized simulated or actual 
soil solutions, nor did they use TEHDGA resin for the separation.  The separations undertaken in 
this work took the gas-pressurized extraction chromatography system, which can perform quick 
and efficient separations with low solution volumes, and applied it to the problem of 
separations plutonium and uranium from digested soil solutions that has yet to be thoroughly 
studied. 
 The first separation did not produce high-purity strip solutions.  Uranium eluted in the 
initial rinse of 1 M HNO3 because of the high-loading volume.  Plutonium may have begun 
eluting in the 0.1 M HNO3 but the majority did elute in the 0.5 M AHA in 0.01 M HNO3 strip.  
The peaks for U and Pu were not as sharp as expected and thus, several changes were made to 
improve the separation. 
 The second separation performed much more successfully.  In the peak U fraction, 100% 
of the alpha activity was due to U and no Pu or Eu were present.  The separation was able to 
concentrate 75% of the loaded U in a mere 0.34 bed volumes.  In the peak Pu fraction, 99% of 
the alpha activity was due to Pu.  The separation was able to concentrate 94% of the loaded Pu 
in 0.64 bed volumes.  Unfortunately Eu activity was spread over 2.2 bed volumes and did not 
elute in as sharp of a peak as U or Pu.  Overall, recovery was 97% for loaded Pu, 84% for U, and 
81% for Eu.  This separation procedure performed very well for purifying and collecting Pu and 
U in a minimal number of bed volumes. 
 Taken as a whole, the initial flowsheet was incapable of producing an effective 
separation.  Using the underlying model that predicts the flowsheet, the GPEC system was not 
able to handle large loading volumes.  By decreasing the loading volume and changing the 
158 
 
initial rinse from 1 M HNO3 to 4 M HNO3, the U and Pu activity remained on the column and 
eluted at the predicted times. 
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6.3 Tables 
Nuclide Half-Life Activity at Discharge 
(1.0 x 106 Ci/yr) 
3H 12.3 yr 1.92 x 10-2 
85Kr 10.8 yr 0.308 
90Sr 27.7 yr 2.11 
95Zr 65.5 d 37.3 
106Ru 368 14.8 
125Sb 2.7 yr 0.237 
129I 1.7 x 107 yr 1.01 x 10-6 
131I 8.05 d 23.5 
133Xe 5.27 d 43.9 
134Cs 2.05 yr 6.7 
137Cs 30.0 yr 2.94 
144Ce 284 d 30.2 
147Pm 4.4 yr 2.78 
151Sm 87 yr 3.41 x 10-2 
154Eu 16 yr 0.191 
155Eu 1.81 yr 0.204 
 
 Table 6.1. Radioactivity from principle fission products in irradiated fuel 
(Tsoulfanidis 2013, 324). 
 
Nuclide Half-Life Ci/yr Kg/tU 
234U 2.47 x 105 yr 19.4 0.12 
236U 2.39 x 107 yr 7.22 4.18 
237Np 2.14 x 106 yr 14.4 0.75 
236Pu 2.85 yr 134 9.2 x 10-6 
238Pu 86 yr 1.01 x 105 0.22 
239Pu 2.44 x 104 yr 8.82 x 103 5.28 
240Pu 6.58 x 103 yr 1.30 x 104 2.17 
241Pu 13.2 yr 2.81 x 106 1.02 
242Pu 3.79 x 105 yr 37.6 0.35 
241Am 458 yr 4.53 x 103 0.05 
243Am 7.95 x 103 yr 477 0.09 
242Cm 163 d 4.40 x 105 4.9 x 10-3 
244Cm 17.6 yr 7.38 x 104 3.3 x 10-2 
 
 Table 6.2. Radioactivity from principle actinides in irradiated fuel (Tsoulfanidis 2013, 
324). 
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Nuclide Class A 
(Ci/m3) 
Class B 
(Ci/m3) 
Class C 
(Ci/m3) 
Total of all nuclides with 
less than 5 year half-life 
700 No limit No limit 
3H 40 No limit No limit 
60Co 100 No limit No limit 
63Ni 3.5 70 700 
63Ni in activated metal 35 700 7000 
90Sr 0.04 150 7000 
137Cs 1 44 4600 
14C 0.8  8 
14C in activated metal 8  80 
59Ni in activated metal 22  220 
94Nb in activated metal 0.02  0.2 
99Tc 0.3  3 
129I 0.008  0.08 
Alpha-emitting transuranic 
nuclides with half-lives 
greater than 5 years 
10 nCi/g  100 nCi/g 
241Pu 350 nCi/g  3500 nCi/g 
242Cm 2000 nCi/g  20000 nCi/g 
 
 Table 6.3. Radioactivity limits for low-level waste (U.S. National Archives and 
Records Administration 2001) 
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CHAPTER 7: FUTURE WORK 
 
 This work is only a piece in the overall project working towards a functional sensor for 
field work.  In terms of improving the separation scheme, several areas still require further 
investigation.  Firstly, batch Kd experiments should be repeated to produce more reliable values 
for Eu at high 4 – 8 M nitric acid concentrations.  This can be done easily by increasing the Eu 
concentration in these experiments by adding more radioactive 152Eu.  A less costly method 
would be to use a non-radioactive europium salt or oxide and then add a smaller amount of 
152Eu as a tracer.  TEHDGA resin will have the same affinity for non-radioactive Eu as radioactive 
Eu and thus they will partition equally between the solid and liquid phases.  Additionally, the 
starting solutions of Pu in 0.01 M and 0.1 M HNO3 should be analyzed to definitively ascertain 
the oxidation state ratios of Pu.  The concentrations of Pu in the solutions are large enough that 
ultra-violet spectroscopy can be employed to measure the oxidation states of Pu.  This is a very 
popular method for measuring oxidation states and there are many procedures available for 
accounting for the other components of the soil that could affect the oxidation states.  The 
oxidation state for Pu can then be stabilized by adding a reducing agent to maintain Pu as Pu4+. 
Other methods of soil digestion have been researched, namely using a HNO3-HF 
solution.  HF tends to decompose silicates in soils better and thus could prove a more effective 
acid for digesting soils.  This addition of HF will introduce more possible complexants for Pu and 
U.  In order to remove this interference, boric acid is added and will dissolve any actinide-
fluoride complexes.  It would be important to see if the proposed separation scheme will still 
properly separate Pu and U from this digested soil. 
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The main issue in the first separation came from the inability of the proposed flowsheet 
to properly elute U and Pu at the predicted stages.  Ideally, the GPEC system should be able to 
handle a 5 mL sample.  The model attempts to describe the movement of elemental bands 
through a chromatography column and further work should be done to improve the model, 
taking into account operating conditions of the GPEC, as well as the differences between gas-
pressurized chromatography and traditional gravity-flow column chromatography. 
 The main failing in the second separation scheme stemmed from the broad elution of 
Eu.  Further refinements to the separation model could be done to lower the acidity or increase 
the number of bed volumes of U rinse (0.1 M HNO3) and elute U and Eu together and then 
perhaps introduce a new microcolumn with a different resin to further separate U from Eu or 
any other lanthanide component.   The advantage of this separation scheme is that it is based 
on modeling work completed at Argonne National Laboratory and the model is not resin-
specific.  It is possible to introduce new columns at different stages of the separation and 
predict the separation to remove selected components. 
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APPENDIX 
 
Pipette Calibrations 
 All Thermo Scientific Finnpipette used in this work were calibrated each time prior to 
use using deionized water and weighed using a Mettler Toledo AT261 Delta Range Analytical 
Balance.  The following tables show the volume dispensed and the associated error. 
 
Volume Setting (μL) 10000 500 100 50 
Weight (g) 10 0.5 0.1 0.05 
 9.8833 0.50397 0.10025 0.04938 
 9.9346 0.50763 0.09995 0.0497 
 9.9225 0.50166 0.09986 0.04965 
 9.9338 0.50579 0.10046 0.04955 
 9.9227 0.50402 0.10018 0.04963 
 9.9561 0.50458 0.1002 0.04957 
 10.0299 0.50438 0.09988 0.04985 
 10.0161 0.50091 0.10026 0.0496 
 10.0266 0.50686 0.09962 0.04978 
 10.0554 0.50545 0.10064 0.04992 
 10.0443 0.50279 0.09954 0.04989 
 10.0126 0.50608 0.10049 0.04964 
 10.0276 0.50658 0.09913 0.04969 
 10.073 0.50474 0.09967 0.0496 
 10.0734 0.50293 0.10001 0.04962 
     
Average 9.9941267 0.504558 0.1000093 0.0496713 
Standard Deviation 0.062 0.0019 0.00040 0.00014 
Error (%) 0.059 0.91 0.0093 0.66 
 
 Table A1. Pipette calibrations for Thermo Scientific Finnpipettes. 
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Volume Setting (μL) Volume Dispensed (μL) Standard Deviation (± μL) 
10000 10,012.149 62.33 
500 505.4678 1.92 
100 100.1897 0.41 
50 49.7609 0.14 
 
 Table A2. Summary of calibration data for Thermo Scientific Finnpipettes. 
 
Soil Digestion Results 
 The soil samples were previously digested using a microwave and independently 
analyzed via ICP-MS by the Analytical Chemistry Group at Argonne National Lab.  The following 
tables show the results of the elemental analysis of the digestion. 
 
10-0186-02 Samples (Microwave) 
Sample Dry Soil Mass 
Taken (g) 
Residue Mass 
(g) 
Residue Fraction 
(wt%) 
Dissolved Fraction 
(wt%) 
     
A 0.24630 0.20961 85.1 14.9 
B 0.25121 0.21076 83.9 16.1 
C 0.25021 0.21085 84.3 15.7 
D 0.25475 0.21497 84.4 15.6 
E 0.25200 0.21443 85.1 14.9 
     
 Average Mass Dissolved in Microwave Tests (wt%) 15.45 
 Standard Deviation (wt%) 0.53 
 
 Table A3. Mass data from microwave dissolution tests using nitric acid. 
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Element Soil 
Certificate 
(ppm) 
Microwave 
Digestion 
Results 
(ppm) 
Difference 
(ppm) 
Element Soil 
Certificate 
(ppm) 
Microwave 
Digestion 
Results 
(ppm) 
Difference 
(ppm) 
Fe 400 296 104 Ni 0.1 0.111 -0.011 
Al 800 277 523 Y 0.2 0.109 0.091 
Ca 200 122 78 Co 0.1 0.106 -0.006 
Mg 200 85.6 114.4 Sc 0.2 0.07991 0.12009 
K 200 49.2 150.8 Th 0.1 0.0622 0.0378 
Na 200 19.7 180.3 U 0.03 0.0462 -0.0162 
Ti 50 11.7 38.3 Pr 0.05 0.0442 0.0058 
P 10 9.852 0.148 Gd 0.4 0.0364 0.3636 
Mn 9 6.16 2.84 Sm 0.05 0.036 0.014 
Zn 4 4.568 -0.568 Dy 0.04 0.0213 0.0187 
Ba 6 2.98 3.02 Ag 0.02 0.0181 0.0019 
Pb 1 1.21 -0.21 Mo 0.02 0.0145 0.0055 
Sr 3 0.95 2.05 Cd 0.02 0.0097 0.0103 
V 2 0.826 1.174 Eu 0.01 0.0088 0.0012 
B 0.6 0.758 -0.158 Yb 0.02 0.0086 0.0114 
As 0.9 0.677 0.223 Be 0.02 0.0062 0.0138 
Cu 0.8 0.642 0.158 Se 0.01 0.0054 0.0046 
Si 3000 0.569 2999.431 Hf 0.06 0.0044 0.0556 
Rb 1 0.537 0.463 Tb 0.007 0.0044 0.0026 
Li 0.5 0.488 0.012 Bi 0.1 0.0042 0.0958 
Cs 0.6 0.442 0.158 Ho 0.008 0.0038 0.0042 
Ce 0.6 0.36 0.24 W 0.05 0.0036 0.0464 
Ga 0.2 0.205 -0.005 Nb 0.09 0.0026 0.0874 
La 0.3 0.185 0.115 Sb 0.1 0.0024 0.0976 
Nd 0.3 0.176 0.124 Tm 0.004 0.0014 0.0026 
Cr 0.3 0.167 0.133 Lu 0.003 0.0011 0.0019 
Zr 2 0.12 1.88 Ta 0.008 0.0001 0.0079 
 
 Table A4. Elemental composition of soil, before and after microwave digestion 
(order is in decreasing concentration of element, post digestion).  Note that the units of 
concentration are given in parts per million, equivalent to mg/L. 
 
Raw Data for Batch-Measured Distribution Coefficient Experiments 
 The following tables show the raw data for the batch Kd experiments.  The samples are 
labeled as wwww-ww-xy-z where 
w refers to an internal notebook, property of Argonne National Laboratory, 
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x refers to a specific iron concentration: 1 = 0 mg/L, 2 = 1 mg/L, 3 = 10 mg/L, 4 = 100 
mg/L, 5 = 500 mg/L, 6 = soil, 
y refers to the replicate number: a, b, and c, 
z refers to the actinide: 242Pu or 233U. 
 
The rest of the table headings are as follows: 
m = mass of TEHDGA resin 
Vc = volume of solution contacted with TEHDGA resin 
C0 = initial count rate before contact 
Cs = final count rate at equilibrium 
Kd = distribution coefficient 
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   Plutonium or Uranium Data Europium Data 
Sample m (g) Vc (mL) Co (cpm) Cs (cpm) Co (cpm) Cs (cpm) 
2446-93-1a-Pu 0.005 0.5 1,204.35 561.7915 954 899.5 
2446-93-1b-Pu 0.0048 0.5 1,204.35 554.4665 954 895.5 
2446-93-1c-Pu 0.0055 0.5 1,204.35 601.267 954 908.5 
2446-93-2a-Pu 0.0046 0.5 1,122.89 589.15 951.5 924.5 
2446-93-2b-Pu 0.0051 0.5 1,122.89 578.375 951.5 906.5 
2446-93-2c-Pu 0.0047 0.5 1,122.89 596.2665 951.5 919.5 
2446-93-3a-Pu 0.0049 0.5 1,179.3 607.55 968.5 920.5 
2446-93-3b-Pu 0.0053 0.5 1,179.3 616.292 968.5 928 
2446-93-3c-Pu 0.0052 0.5 1,179.3 624.7 968.5 938.5 
2446-93-4a-Pu 0.0049 0.5 1,275.15 1,395.71 933.5 909 
2446-93-4b-Pu 0.0049 0.5 1,275.15 1,374.835 933.5 916 
2446-93-4c-Pu 0.0046 0.5 1,275.15 1,407.76 933.5 909.5 
2446-93-5a-Pu 0.0048 0.5 1,593.925 1,566.435 957.5 937 
2446-93-5b-Pu 0.0052 0.5 1,593.925 1,582.485 957.5 939.5 
2446-93-5c-Pu 0.0052 0.5 1,593.925 1,576 957.5 947.5 
2446-93-6a-Pu 0.0055 0.5 1,606.11 602.508 978 903 
2446-93-6b-Pu 0.0051 0.5 1,606.11 598.5665 978 920 
2446-93-6c-Pu 0.005 0.5 1,606.11 604.8835 978 915 
2446-93-1a-U 0.0046 0.5 4,563.36 4,952.825 945.5 904.5 
2446-93-1b-U 0.005 0.5 4,563.36 4,971.83 945.5 910.5 
2446-93-1c-U 0.005 0.5 4,563.36 4,949.63 945.5 895 
2446-93-2a-U 0.0048 0.5 4,925.79 5,380.3 947 904.5 
2446-93-2b-U 0.0046 0.5 4,925.79 5,397.115 947 893 
2446-93-2c-U 0.0049 0.5 4,925.79 5,353.45 947 894 
2446-93-3a-U 0.0055 0.5 5,211.21 5,615.81 947.5 899 
2446-93-3b-U 0.0053 0.5 5,211.21 5,651.68 947.5 915 
2446-93-3c-U 0.0048 0.5 5,211.21 5,695.585 947.5 911.5 
2446-93-4a-U 0.0049 0.5 5,077.75 5,741.255 957 923 
2446-93-4b-U 0.0051 0.5 5,077.75 5,744.835 957 932 
2446-93-4c-U 0.0053 0.5 5,077.75 5,707.04 957 938.5 
2446-93-5a-U 0.0055 0.5 5,151.035 5,723.225 961 948.5 
2446-93-5b-U 0.0055 0.5 5,151.035 5,754.665 961 937.5 
2446-93-5c-U 0.0052 0.5 5,151.035 5,736.475 961 943 
2446-93-6a-U 0.0048 0.5 5,241.65 5,746.375 967 943 
2446-93-6b-U 0.0046 0.5 5,241.65 5,725.925 967 945.5 
2446-93-6c-U 0.0055 0.5 5,241.65 5,538.93 967 938.5 
 
 Table A5. Raw data for batch distribution coefficient experiments at 0.01 M HNO3. 
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   Plutonium or Uranium Data Europium Data 
Sample m (g) Vc (mL) Co (cpm) Cs (cpm) Co (cpm) Cs (cpm) 
2446-141-1a-Pu 0.00548 0.5 1,560.55 1,157.715 916 857 
2446-141-1b-Pu 0.00526 0.5 1,560.55 1,175.895 916 864 
2446-141-1c-Pu 0.00519 0.5 1,560.55 1,158.925 916 870.5 
2446-141-2a-Pu 0.00523 0.5 1,557.615 1,061 931.5 882.5 
2446-141-2b-Pu 0.00457 0.5 1,557.615 1,107.315 931.5 889.5 
2446-141-2c-Pu 0.00529 0.5 1,557.615 1,022.975 931.5 883 
2446-141-3a-Pu 0.0053 0.5 1,615.365 892.7335 934.5 885 
2446-141-3b-Pu 0.00511 0.5 1,615.365 910.8335 934.5 884 
2446-141-3c-Pu 0.00469 0.5 1,615.365 924.65 934.5 900 
2446-141-4a-Pu 0.00528 0.5 1,591.13 1,237.335 953 901 
2446-141-4b-Pu 0.0053 0.5 1,591.13 1,223.17 953 902 
2446-141-4c-Pu 0.00511 0.5 1,591.13 1,219.115 953 896 
2446-141-5a-Pu 0.00465 0.5 1,571.3 1,258.99 931 883.5 
2446-141-5b-Pu 0.00529 0.5 1,571.3 1,217.815 931 862.5 
2446-141-5c-Pu 0.0046 0.5 1,571.3 1,291.415 931 880 
2446-141-6a-Pu 0.00507 0.5 1,603.065 937.8085 954.5 891.5 
2446-141-6b-Pu 0.00576 0.5 1,603.065 928.8 954.5 898.5 
2446-141-6c-Pu 0.005 0.5 1,603.065 928.95 954.5 886 
2446-141-1a-U 0.00546 0.5 5,758.7 5,825.385 954.5 895 
2446-141-1b-U 0.005 0.5 5,758.7 5,818.23 954.5 890 
2446-141-1c-U 0.0494 0.5 5,758.7 5,819.535 954.5 886.5 
2446-141-2a-U 0.00471 0.5 5,920.4 5,827.445 955.5 876.5 
2446-141-2b-U 0.00485 0.5 5,920.4 5,882.655 955.5 890.5 
2446-141-2c-U 0.00505 0.5 5,920.4 5,853.875 955.5 888.5 
2446-141-3a-U 0.00545 0.5 5,556.78 5,879.19 960 886.5 
2446-141-3b-U 0.00535 0.5 5,556.78 5,786.15 960 887.5 
2446-141-3c-U 0.00539 0.5 5,556.78 5,830.125 960 889.5 
2446-141-4a-U 0.00461 0.5 5,520.555 5,795.925 951.5 880 
2446-141-4b-U 0.00474 0.5 5,520.555 5,792.36 951.5 884 
2446-141-4c-U 0.00501 0.5 5,520.555 5,793.5 951.5 877 
2446-141-5a-U 0.00532 0.5 5,393.125 5,763.985 917.5 819.5 
2446-141-5b-U 0.00457 0.5 5,393.125 5,756.825 917.5 853.5 
2446-141-5c-U 0.00481 0.5 5,393.125 5,760.825 917.5 846.5 
2446-141-6a-U 0.00452 0.5 5,568.165 5,776.555 938.5 872 
2446-141-6b-U 0.00483 0.5 5,568.165 2,905.035 938.5 878 
2446-141-6c-U 0.00456 0.5 5,568.165 5,858.33 938.5 869 
 
Table A6. Raw data for batch distribution coefficient experiments at 0.1 M HNO3. 
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   Plutonium or Uranium Data Europium Data 
Sample m (g) Vc (mL) Co (cpm) Cs (cpm) Cs (cpm) Cs (cpm) 
2446-155-1a-Pu 0.00529 0.5 1,586.11 45.1335 934 115 
2446-155-1b-Pu 0.00524 0.5 1,586.11 45.667 934 111.5 
2446-155-1c-Pu 0.00473 0.5 1,586.11 46.9415 934 114.5 
2446-155-2a-Pu 0.00462 0.5 1,688.15 42.35 934 116.5 
2446-155-2b-Pu 0.00483 0.5 1,688.15 44.633 934 119.5 
2446-155-2c-Pu 0.00463 0.5 1,688.15 46.425 934 119.5 
2446-155-3a-Pu 0.00488 0.5 1,699.175 42.3 970.5 117 
2446-155-3b-Pu 0.00497 0.5 1,699.175 42.383 970.5 116 
2446-155-3c-Pu 0.0046 0.5 1,699.175 43.1585 970.5 120 
2446-155-4a-Pu 0.00509 0.5 1,716.515 36.2665 961 116 
2446-155-4b-Pu 0.00532 0.5 1,716.515 29.8 961 104 
2446-155-4c-Pu 0.00488 0.5 1,716.515 43.058 961 119 
2446-155-5a-Pu 0.00526 0.5 1,700.85 38.425 945 115.5 
2446-155-5b-Pu 0.00501 0.5 1,700.85 37.45 945 116.5 
2446-155-5c-Pu 0.00475 0.5 1,700.85 48.8915 945 119 
2446-155-6a-Pu 0.00494 0.5 1,679.285 263.192 945 607.5 
2446-155-6b-Pu 0.00492 0.5 1,679.285 255.4915 945 581 
2446-155-6c-Pu 0.00525 0.5 1,679.285 257.0415 945 585.5 
2446-155-1a-U 0.00531 0.5 5,796.875 4,285.035 958.5 122 
2446-155-1b-U 0.00491 0.5 5,796.875 4,102.325 958.5 123.5 
2446-155-1c-U 0.00506 0.5 5,796.875 4,269.035 958.5 119.5 
2446-155-2a-U 0.00498 0.5 5,878.315 4,186.46 966 120 
2446-155-2b-U 0.00494 0.5 5,878.315 4,310.295 966 120 
2446-155-2c-U 0.00524 0.5 5,878.315 4,451.925 966 120.5 
2446-155-3a-U 0.00522 0.5 5,667.185 4,276.345 965 117.5 
2446-155-3b-U 0.00521 0.5 5,667.185 3,692.14 965 118 
2446-155-3c-U 0.00518 0.5 5,667.185 4,302.51 965 115.5 
2446-155-4a-U 0.00529 0.5 5,815.475 4,255.075 966.5 119 
2446-155-4b-U 0.00518 0.5 5,815.475 4,155.12 966.5 116 
2446-155-4c-U 0.00508 0.5 5,815.475 4,360.165 966.5 120.5 
2446-155-5a-U 0.00535 0.5 5,865.75 4,336.645 968 117 
2446-155-5b-U 0.00491 0.5 5,865.75 4,539.35 968 124.5 
2446-155-5c-U 0.00502 0.5 5,865.75 4,463.385 968 120.5 
2446-155-6a-U 0.00502 0.5 5,940.285 4,663.325 969 563 
2446-155-6b-U 0.00486 0.5 5,940.285 4,861.21 969 544.5 
2446-155-6c-U 0.00511 0.5 5,940.285 5,000.245 969 552.5 
 
Table A7. Raw data for batch distribution coefficient experiments at 1 M HNO3. 
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   Plutonium or Uranium Data Europium Data 
Sample m (g) Vc (mL) Co (cpm) Cs (cpm) Co (cpm) Cs (cpm) 
2446-183-1a-Pu 0.00484 0.5 1,485.98 6.4335 975.5 91 
2446-183-1b-Pu 0.00496 0.5 1,485.98 7.75 975.5 90.5 
2446-183-1c-Pu 0.00488 0.5 1,485.98 8.133 975.5 90 
2446-183-2a-Pu 0.00528 0.5 1,482.42 7.3 979.5 92 
2446-183-2b-Pu 0.00486 0.5 1,482.42 8.7915 979.5 89.5 
2446-183-2c-Pu 0.00522 0.5 1,482.42 12.0585 979.5 92 
2446-183-3a-Pu 0.00456 0.5 1,392.5 6.975 970 87.5 
2446-183-3b-Pu 0.00503 0.5 1,392.5 6.775 970 89 
2446-183-3c-Pu 0.00508 0.5 1,392.5 6.6165 970 90.5 
2446-183-4a-Pu 0.00473 0.5 1,500.085 54.6335 957.5 89.5 
2446-183-4b-Pu 0.00488 0.5 1,500.085 52.8665 957.5 89 
2446-183-4c-Pu 0.0054 0.5 1,500.085 48.5665 957.5 90 
2446-183-5a-Pu 0.00518 0.5 1,436.955 115.158 944.5 88.5 
2446-183-5b-Pu 0.00506 0.5 1,436.955 111.908 944.5 90.5 
2446-183-5c-Pu 0.00454 0.5 1,436.955 168.5335 944.5 89 
2446-183-6a-Pu 0.00456 0.5 1,470.495 73.725 959.5 95 
2446-183-6b-Pu 0.00543 0.5 1,470.495 64.442 959.5 94.5 
2446-183-6c-Pu 0.00539 0.5 1,470.495 73.2165 959.5 95 
2446-183-1a-U 0.00525 0.5 4,877.01 944.8415 988.5 91.5 
2446-183-1b-U 0.00488 0.5 4,877.01 1,001.65 988.5 94.5 
2446-183-1c-U 0.00503 0.5 4,877.01 969.65 988.5 92 
2446-183-2a-U 0.00528 0.5 5,641.135 875.0665 992 91 
2446-183-2b-U 0.00474 0.5 5,641.135 999.9485 992 91.5 
2446-183-2c-U 0.0052 0.5 5,641.135 902.4415 992 92 
2446-183-3a-U 0.00464 0.5 5,550.185 1,068.015 985 93.5 
2446-183-3b-U 0.0049 0.5 5,550.185 959.0915 985 92.5 
2446-183-3c-U 0.00464 0.5 5,550.185 994.092 985 92 
2446-183-4a-U 0.00533 0.5 5,400.09 883.167 938.5 91.5 
2446-183-4b-U 0.00487 0.5 5,400.09 993.9915 938.5 93 
2446-183-4c-U 0.0049 0.5 5,400.09 986.9085 938.5 91.5 
2446-183-5a-U 0.0049 0.5 5,642.68 473.735 982.5 91 
2446-183-5b-U 0.00508 0.5 5,642.68 920.1585 982.5 91 
2446-183-5c-U 0.00532 0.5 5,642.68 882.85 982.5 90.5 
2446-183-6a-U 0.00536 0.5 5,692.82 1,743.195 989.5 97.5 
2446-183-6b-U 0.00531 0.5 5,692.82 1,847.92 989.5 96.5 
2446-183-6c-U 0.00504 0.5 5,692.82 1,901.84 989.5 96 
 
Table A8. Raw data for batch distribution coefficient experiments at 4 M HNO3. 
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   Plutonium or Uranium Data Europium Data 
Sample m (g) Vc (mL) Co (cpm) Cs (cpm) Co (cpm) Cs (cpm) 
2446-167-1a-Pu 0.00532 0.5 1,287.23 2.717 948 89 
2446-167-1b-Pu 0.00497 0.5 1,287.23 2.9585 948 87 
2446-167-1c-Pu 0.00516 0.5 1,287.23 2.3 948 86.5 
2446-167-2a-Pu 0.00469 0.5 1,017.9415 3.1 954.5 89.5 
2446-167-2b-Pu 0.00509 0.5 1,017.9415 2.45 954.5 87.5 
2446-167-2c-Pu 0.00502 0.5 1,017.9415 2.1665 954.5 86.5 
2446-167-3a-Pu 0.00494 0.5 1,337.16 2.65 948 88.5 
2446-167-3b-Pu 0.00496 0.5 1,337.16 2.5335 948 88.5 
2446-167-3c-Pu 0.00497 0.5 1,337.16 2.7 948 90 
2446-167-4a-Pu 0.00517 0.5 1,227.59 2.6085 946.5 89 
2446-167-4b-Pu 0.00468 0.5 1,227.59 2.7335 946.5 89.5 
2446-167-4c-Pu 0.00478 0.5 1,227.59 2.6 946.5 89 
2446-167-5a-Pu 0.00545 0.5 1,285.8 39.325 955.5 91.5 
2446-167-5b-Pu 0.005 0.5 1,285.8 34.2335 955.5 91 
2446-167-5c-Pu 0.00501 0.5 1,285.8 39.525 955.5 91 
2446-167-6a-Pu 0.00485 0.5 1,176.055 17.8165 945 91.5 
2446-167-6b-Pu 0.0048 0.5 1,176.055 18.008 945 88.5 
2446-167-6c-Pu 0.0052 0.5 1,176.055 15.3665 945 90.5 
2446-167-1a-U 0.00479 0.5 5,036.755 208.05 947.5 90 
2446-167-1b-U 0.00531 0.5 5,036.755 184.0415 947.5 89.5 
2446-167-1c-U 0.00507 0.5 5,036.755 206.8 947.5 89.5 
2446-167-2a-U 0.00467 0.5 5,140.615 223.925 951.5 91 
2446-167-2b-U 0.0052 0.5 5,140.615 196.9665 951.5 87.5 
2446-167-2c-U 0.00491 0.5 5,140.615 212.908 951.5 92.5 
2446-167-3a-U 0.00499 0.5 5,151.985 211.2415 985 90.5 
2446-167-3b-U 0.00477 0.5 5,151.985 212.5 985 92 
2446-167-3c-U 0.00491 0.5 5,151.985 214.575 985 89 
2446-167-4a-U 0.00519 0.5 4,138.09 231.0085 965.5 91 
2446-167-4b-U 0.00478 0.5 4,138.09 252.0915 965.5 91.5 
2446-167-4c-U 0.00469 0.5 4,138.09 251.525 965.5 91.5 
2446-167-5a-U 0.00526 0.5 4,041.625 240.65 971.5 90.5 
2446-167-5b-U 0.00478 0.5 4,041.625 270.6665 971.5 92 
2446-167-5c-U 0.00549 0.5 4,041.625 233.3165 971.5 89.5 
2446-167-6a-U 0.00483 0.5 4,440.325 387.8085 955 92 
2446-167-6b-U 0.00508 0.5 4,440.325 339.408 955 91 
2446-167-6c-U 0.00526 0.5 4,440.325 351.358 955 92.5 
 
Table A9. Raw data for batch distribution coefficient experiments at 8 M HNO3. 
 
  
178 
 
Uncertainty Estimates for Batch-Measured Distribution Coefficient Experiments 
 The follow tables contain the uncertainty estimates for the batch Kd experiments. 
 
Concentration 
of Fe (mg/L) 
Concentration 
of HNO3 (M) 
242Pu Kd 
(mL/g) 
Error 152Eu Kd 
(mL/g) 
Error 
0 0.01 111 4.7195 15.7 10.437 
 0.1 32.9 13.133 16.6 9.769 
 1 3,880 0.062625 2,810 0.059345 
 4 37,100 0.0022793 290,000 0.0001616 
 8 304,000 0.00013244 112,000 0.00027871 
1 0.01 96.9 5.1671 14 10.804 
 0.1 47.3 11.268 16.4 10.108 
 1 4,660 0.057356 2,630 0.073596 
 4 25,800 0.0041397 233,000 0.00061035 
 8 531,000 0.00013296 65,000 0.00066165 
10 0.01 90.9 5.4118 13.5 10.934 
 0.1 78.8 8.4076 16 10.187 
 1 4,800 0.052948 2,730 0.069683 
 4 39,800 0.0018125 460,000 0.000062264 
 8 252,000 0.00011068 53,100 0.00096153 
100 0.01 -8.82 20.905 12.5 10.836 
 0.1 29.2 14.173 16.2 10.258 
 1 5,730 0.040028 3,080 0.057575 
 4 2,980 0.08955 436,000 0.000062669 
 8 225,000 0.00012155 45,100 0.0010424 
500 0.01 1.57 21.936 10.8 11.305 
 0.1 26.7 14.908 18.4 9.9024 
 1 4,840 0.051087 2,600 0.068642 
 4 1,070 0.40884 444,000 0.000063099 
 8 3,430 0.060193 22,300 0.0027608 
soil 0.01 163 4.2548 16.5 10.498 
 0.1 69.9 8.8071 17.4 10.081 
 1 563 1.0467 85 4.6403 
 4 2,050 0.14729 19,400 0.0034422 
 8 7,870 0.017058 37,600 0.0019482 
 
 Table A10. Error associated with batch experiments measuring distribution 
coefficients for plutonium-242 and europium-152. 
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Concentration 
of Fe (mg/L) 
Concentration of 
HNO3 (M) 
233U Kd 
(mL/g) 
Error 152Eu Kd 
(mL/g) 
Error 
0 0.01 -8.19 74.501 5.1 10.553 
 0.1 -0.726 82.868 5.7 10.048 
 1 36.9 47.193 2,100 0.082 
 4 398 4.729 27,000 0.002 
 8 2,400 0.399 32,000 0.001 
1 0.01 -8.81 81.096 6.3 10.405 
 0.1 1.16 81.915 9.8 9.926 
 1 36 48.599 2,200 0.077 
 4 503 4.031 37,000 0.001 
 8 2,370 0.431 68,000 0.002 
10 0.01 -7.59 84.899 4.4 10.652 
 0.1 -4.36 85.329 9 9.949 
 1 37.7 45.616 2,300 0.068 
 4 478 4.644 27,000 0.002 
 8 2,370 0.435 30,000 0.002 
100 0.01 -11.2 88.677 2.9 11.079 
 0.1 -4.93 84.772 10 9.852 
 1 35.4 47.814 2,200 0.072 
 4 464 4.337 29,000 0.002 
 8 1,630 0.606 21,000 0.003 
500 0.01 -9.48 87.902 1.8 11.313 
 0.1 -6.53 85.411 11 9.246 
 1 31.3 51.212 2,200 0.079 
 4 708 3.044 48,000 0.001 
 8 1,480 0.627 25,000 0.002 
soil 0.01 -7.74 84.962 2.7 11.246 
 0.1 -4.71 65.142 9.8 9.794 
 1 22.8 58.782 88 4.008 
 4 202 11.912 11,000 0.007 
 8 1,130 1.056 18,000 0.003 
 
 Table A11. Error associated with batch experiments measuring distribution 
coefficients for uranium-233 and europium-152. 
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Raw Data for Gas Pressurized Extraction Chromatography System Separation Experiments 
 The following tables show the raw data for two GPEC separation runs.  The samples are 
labeled as wwww-ww-x-y where 
w refers to an internal notebook, property of Argonne National Laboratory, 
x refers to number of the fraction collected (“feed” samples are assayed aliquots of the 
feed solution, “cond” or “pre-conditioning” samples are assayed aliquots of the pre-
conditioning solution of the column), 
y refers to the replicate number: a or b. 
Fraction 
 
 
Total 
Fraction 
Vol. 
(uL) 
Bed 
Vol. 
Cum. 
Bed 
Vol. 
Aliquot 
Vol. 
(uL) 
Aliquot 
Counts, 
1 hour 
(cpm) 
Corrected 
Aliquot 
Counts 
(cpm) 
Average 
Corrected 
Aliquot 
Counts 
(cpm) 
Total 
Fraction 
Counts 
(cpm) 
2524-33-feed 4800   40 3304.57 3298.257  395790.792 
Pre-conditioning   0 50 5.483 -0.830 0.758 0 
Pre-conditioning   0 50 5.967 2.346  0 
4 M    50 3.967  6.313  
1 M    50 6.683    
0.1 M    50 7.467    
0.01 M    50 7.05    
0.5 M AHA in 0.01 M    50 6.4    
4 M LOADING 
2524-16- 1 a 470.949 0.785 0.785 50 4.633 -1.680 -1.655 -15.592 
  b    50 4.683 -1.630   
2524-16- 2 a 533.374 0.889 1.674 50 5.3 -1.013 -0.530 -5.653 
  b    50 6.267 -0.046   
2524-16- 3 a 633.498 1.056 2.730 50 6.317 0.004 -0.596 -7.556 
  b    50 5.117 -1.196   
2524-16- 4 a 378.428 0.631 3.360 50 5.817 -0.496 -0.355 -2.686 
  b    50 6.1 -0.213   
2524-16- 5 a 298.488 0.497 3.858 50 6.1 -0.213 -0.163 -0.975 
  b    50 6.2 -0.113   
2524-16- 6 a 426.698 0.711 4.569 50 6.567 0.254 0.470 4.012 
  b    50 7 0.687   
2524-16- 7 a 614.156 1.024 5.593 50 7.783 1.470 0.578 7.101 
  b    50 6 -0.313   
2524-16- 8 a 590.551 0.984 6.577 50 7.217 0.904 0.395 4.667 
  b    50 6.2 -0.113   
 
Table A12. Raw liquid scintillation counting data for first GPEC separation. 
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1 M RINSE 
2524-16- 9 a 166.847 0.278 6.855 50 45.133 38.820 38.578 128.733 
  b    50 44.65 38.337   
2524-16- 10 a 155.849 0.260 7.115 50 147 140.687 141.412 440.776 
  b    50 148.45 142.137   
2524-16- 11 a 149.174 0.249 7.363 40 329.967 323.654 331.629 1236.755 
  b    40 345.917 339.604   
2524-16- 12 a 156.171 0.260 7.624 40 824.5 818.187 790.437 3086.074 
  b    40 769 762.687   
2524-16- 13 a 147.339 0.246 7.869 50 2166.5 2160.187 2106.477 6207.318 
  b    50 2059.08 2052.767   
2524-16- 14 a 185.545 0.309 8.178 50 3834.22 3827.907 3821.122 14179.778 
  b    50 3820.65 3814.337   
2524-16- 15 a 76.568 0.128 8.306 35 3569.92 3563.607 3590.382 7854.504 
  b    35 3623.47 3617.157   
2524-16- 16 a 177.025 0.295 8.601 50 5934.37 5928.057 5856.522 20735.044 
  b    50 5791.3 5784.987   
1 M U STRIP 
2524-16- 17 a 159.583 0.266 8.867 50 7846.38 7840.067 7882.702 25158.884 
  b    50 7931.65 7925.337   
2524-16- 18 a 144.893 0.241 9.109 45 10106.2 10099.887 10020.627 32264.801 
  b    45 9947.68 9941.367   
2524-16- 19 a 146.502 0.244 9.353 45 37544.8 37538.487 37438.037 121882.989 
  b    45 37343.9 37337.587   
2524-16- 20 a 188.863 0.315 9.667 50 3342.8 3336.487 3381.197 12771.674 
  b    50 3432.22 3425.907   
0.1 M RINSE 
2524-16- 21 a 165.089 0.275 9.943 50 531.45 525.137 521.303 1721.230 
  b    50 523.783 517.470   
2524-16- 22 a 193.270 0.322 10.265 50 274.05 267.737 265.103 1024.731 
  b    50 268.783 262.470   
2524-16- 23 a 100.133 0.167 10.432 40 307.167 300.854 301.870 755.677 
  b    40 309.2 302.887   
0.5 M AHA in 0.01 M PU STRIP 
2524-16- 24 a 106.084 0.177 10.608 40 7570.27 7563.957 7606.947 20174.351 
  b    40 7656.25 7649.937   
2524-16- 25 a 146.324 0.244 10.852 45 8156.68 8150.367 8147.452 26492.536 
  b    45 8150.85 8144.537   
2524-16- 26 a 80.229 0.134 10.986 35 1866.17 1859.857 1904.357 4365.276 
  b    35 1955.17 1948.857   
2524-16- 27 a 167.661 0.279 11.265 50 2299.72 2293.407 2205.472 7395.411 
  b    50 2123.85 2117.537   
 
Table A12 (continued). Raw liquid scintillation counting data for first GPEC 
separation. 
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0.5 M AHA IN 0.01 M RINSE 
2524-16- 28 a 168.542 0.281 11.546 50 904.817 898.504 898.812 3029.751 
  b    50 905.433 899.120   
2524-16- 29 a 105.132 0.175 11.722 35 352.933 346.620 346.945 1042.144 
  b    35 353.583 347.270   
2524-16- 30 a 46.150 0.077 11.799 35 294.917 288.604 288.604 380.544 
2524-16- 31 a 242.049 0.403 12.202 50 332.6 326.287 324.253 1569.706 
  b    50 328.533 322.220   
2524-16- 32 a 117.093 0.195 12.397 40 192.083 185.770 188.128 550.712 
  b    40 196.8 190.487   
2524-16- 33 a 115.370 0.192 12.589 40 126.233 119.920 114.412 329.991 
  b    40 115.217 108.904   
2524-16- 34 a 110.912 0.185 12.774 40 85.85 79.537 78.770 218.414 
  b    40 84.317 78.004   
2524-16- 35 a 258.147 0.430 13.204 50 75.367 69.054 68.229 352.261 
  b    50 73.717 67.404   
2524-16- 36 a 216.465 0.361 13.565 50 58.167 51.854 50.587 219.005 
  b    50 55.633 49.320   
2524-16- 37 a 79.728 0.133 13.698 35 31.817 25.504 25.570 58.247 
  b    35 31.95 25.637   
0.01 M RINSE 
2524-16- 38 a 102.898 0.171 13.870 40 35.297 28.984 29.402 75.634 
  b    40 36.133 29.820   
2524-16- 39 a 215.203 0.359 14.228 50 30.083 23.770 24.678 106.216 
  b    50 31.9 25.587   
2524-16- 40 a 336.122 0.560 14.789 50 22.05 15.737 15.728 105.731 
  b    50 22.033 15.720   
 
Table A12 (continued). Raw liquid scintillation counting data for first GPEC 
separation. 
 
  
183 
 
Fraction Total 
Fraction 
Vol. 
(uL) 
Bed 
Vol. 
Cum. 
Bed 
Vol. 
Aliquot 
Vol. 
(uL) 
Aliquot 
Counts, 1 
hour 
(cpm) 
Corrected 
Aliquot 
Counts 
(cpm) 
Average 
Corrected 
Aliquot 
Counts 
(cpm) 
Total 
Counts in 
Fraction 
(cpm) 
2524-58-Feed-a 1150   50 3965.270 3958.549 3995.664 91046.627 
2524-58-Feed-b 1150   50 4039.500 4032.779   
2524-65-Cond.-a   0 50 4.133 -2.588 -2.921 -2.921 
2524-65-Cond.-b   0 50 3.467 -3.254   
4 M     4.850  6.721  
0.1 M     7.117    
0.01 M     7.450    
0.5 M AHA in 0.01 M     7.467    
4 M LOADING 
2524-16- 47 a 505.406 0.842 0.842 50 7.183 0.462 2.562 25.897 
  b    50 11.383 4.662   
2524-16- 48 a 466.831 0.778 1.620 50 7.733 1.012 3.454 32.249 
  b    50 12.617 5.896   
4 M RINSE 
2524-16- 49 a 121.077 0.202 1.822 50 7.533 0.812 2.737 7.364 
  b    40 11.383 4.662   
2524-16- 50 a 121.846 0.203 2.025 50 4.117 -2.604 -1.421 -4.329 
  b    30 6.483 -0.238   
2524-16- 51 a 129.259 0.215 2.241 50 4.500 -2.221 -0.721 -2.330 
  b    30 7.500 0.779   
2524-16- 52 a 234.352 0.391 2.631 50 6.683 -0.038 0.504 2.362 
  b    50 7.767 1.046   
2524-16- 53 a 134.473 0.224 2.855 50 8.333 1.612 1.737 4.672 
  b    50 8.583 1.862   
2524-16- 54 a 129.784 0.216 3.072 50 8.283 1.562 1.679 4.358 
  b    50 8.517 1.796   
2524-16- 55 a 131.549 0.219 3.291 50 8.933 2.212 2.729 7.180 
  b    50 9.967 3.246   
2524-16- 56 a 214.946 0.358 3.649 50 9.367 2.646 3.021 12.987 
  b    50 10.117 3.396   
0.1 M U STRIP 
2524-16- 57 a 178.980 0.298 3.948 50 59.617 52.896 54.896 196.506 
  b    50 63.617 56.896   
2524-16- 58 a 172.194 0.287 4.234 50 1165.880 1159.159 1182.119 4071.086 
  b    50 1211.800 1205.079   
2524-16- 59 a 206.411 0.344 4.579 50 12477.300 12470.579 12592.179 51983.397 
  b    50 12720.500 12713.779   
 
Table A13. Raw liquid scintillation counting data for second GPEC separation. 
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0.1 M RINSE 
2524-16- 60 a 142.554 0.238 4.816 50 192.567 185.846 195.921 558.588 
  b    50 212.717 205.996   
2524-16- 61 a 143.873 0.240 5.056 50 119.833 113.112 120.346 346.290 
  b    50 134.300 127.579   
2524-16- 62 a 250.022 0.417 5.473 50 59.867 53.146 53.338 266.711 
  b    50 60.250 53.529   
2524-16- 63 a 123.987 0.207 5.679 50 104.450 97.729 101.304 251.207 
  b    50 111.600 104.879   
2524-16- 64 a 154.256 0.257 5.936 50 152.400 145.679 150.046 462.910 
  b    50 161.133 154.412   
2524-16- 65 a 266.671 0.444 6.381 50 250.100 243.379 241.454 1287.776 
  b    50 246.250 239.529   
2524-16- 66 a 136.978 0.228 6.609 50 387.683 380.962 383.546 1050.746 
  b    50 392.850 386.129   
2524-16- 67 a 137.778 0.230 6.839 50 372.033 365.312 374.712 1032.538 
  b    50 390.833 384.112   
2524-16- 68 a 135.349 0.226 7.064 50 338.317 331.596 334.979 906.782 
  b    50 345.083 338.362   
2524-16- 69 a 136.328 0.227 7.292 50 300.267 293.546 286.971 782.446 
  b    50 287.117 280.396   
0.5 M AHA in 0.01 M PU STRIP 
2524-16- 70 a 133.892 0.223 7.515 45 3204.220 3197.499 3129.099 9310.253 
  b    45 3067.420 3060.699   
2524-16- 71 a 122.953 0.205 7.720 45 2042.170 2035.449 1992.529 5444.168 
  b    45 1956.330 1949.609   
2524-16- 72 a 264.799 0.441 8.161 45 146.283 139.562 140.687 827.861 
  b    45 148.533 141.812   
0.5 M AHA IN 0.01 M RINSE 
2524-16- 73 a 123.424 0.206 8.367 45 58.900 52.179 53.529 146.817 
  b    45 61.600 54.879   
2524-16- 74 a 106.414 0.177 8.544 40 43.283 36.562 36.454 96.981 
  b    40 43.067 36.346   
2524-16- 75 a 124.666 0.208 8.752 45 27.183 20.462 20.721 57.403 
  b    45 27.700 20.979   
2524-16- 76 a 230.860 0.385 9.137 45 21.000 14.279 14.246 73.083 
  b    45 20.933 14.212   
2524-16- 77 a 127.281 0.212 9.349 45 20.233 13.512 12.887 36.450 
  b    45 18.983 12.262   
2524-16- 78 a 145.392 0.242 9.591 45 17.450 10.729 10.338 33.400 
  b    45 16.667 9.946   
2524-16- 79 a 135.845 0.226 9.817 45 14.217 7.496 7.938 23.962 
  b    45 15.100 8.379   
2524-16- 80 a 154.818 0.258 10.075 45 13.767 7.046 6.996 24.069 
  b    45 13.667 6.946   
2524-16- 81 a 138.420 0.231 10.306 45 13.600 6.879 6.913 21.263 
  b    45 13.667 6.946   
2524-16- 82 a 148.117 0.247 10.553 45 13.350 6.629 6.629 21.819 
  b    45 13.350 6.629   
 
Table A13 (continued). Raw liquid scintillation counting data for second GPEC 
separation.  
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2524-16- 83 a 147.966 0.247 10.800 45 12.717 5.996 6.173 20.296 
  b    45 13.070 6.349   
2524-16- 84 a 155.730 0.260 11.059 45 10.567 3.846 4.238 14.665 
  b    45 11.350 4.629   
2524-16- 85 a 152.013 0.253 11.312 45 19.967 13.246 13.354 45.111 
  b    45 20.183 13.462   
2524-16- 86 a 180.332 0.301 11.613 45 37.650 30.929 30.463 122.075 
  b    45 36.717 29.996   
2524-16- 87 a 88.914 0.148 11.761 35 9.050 2.329 2.804 7.123 
  b    35 10.000 3.279   
0.01 M RINSE 
2524-16- 88 a 154.087 0.257 12.018 45 9.483 2.762 3.087 10.570 
  b    45 10.133 3.412   
2524-16- 89 a 155.570 0.259 12.277 45 9.433 2.712 2.987 10.326 
  b    45 9.983 3.262   
2524-16- 90 a 233.735 0.390 12.667 45 12.383 5.662 6.212 32.266 
  b    45 13.483 6.762   
2524-16- 91 a 146.153 0.244 12.910 45 11.850 5.129 5.254 17.064 
  b    45 12.100 5.379   
2524-16- 92 a 154.989 0.258 13.169 45 13.967 7.246 7.346 25.301 
  b    45 14.167 7.446   
2524-16- 93 a 208.702 0.348 13.517 45 12.300 5.579 5.204 24.135 
  b    45 11.550 4.829   
2524-16- 94 a 162.041 0.270 13.787 45 11.033 4.312 4.679 16.849 
  b    45 11.767 5.046   
2524-16- 95 a 310.037 0.517 14.303 45 10.517 3.796 4.329 29.826 
  b    45 11.583 4.862   
 
Table A13 (continued). Raw liquid scintillation counting data for second GPEC 
separation. 
 
  
186 
 
Fraction 
 
Cum. 
Bed 
Vol. 
Total 
Fraction 
Vol. (uL) 
Average 
Corrected 
Aliquot Counts 
(cpm) 
Total Vol. 
(uL) 
Total Counts 
in Fraction 
(cpm) 
α 
Plates: 
242
Pu 
counts 
α 
Plates: 
233
U 
counts 
2524-58-Feed 0 50 3995.664 1150 91900.272 18% 82% 
4 M LOADING 
2524-16-47 0.842 50 2.562 505.406 25.897 28% 72% 
4 M RINSE 
2524-16-50 2.025 40 -1.421 121.846 0 0% 0% 
2524-16-51 2.241 40 -0.721 129.259 0 63% 36% 
0.1 M U STRIP 
2524-16-59 4.579 50 12592.179 206.411 51983.397 0% 100% 
0.1 M RINSE 
2524-16-60 4.816 50 195.921 142.554 558.588 7% 93% 
2524-16-63 5.679 50 101.304 123.987 251.207 51% 49% 
2524-16-65 6.381 50 241.454 266.671 1287.776 38% 62% 
2524-16-67 6.839 50 374.712 137.778 1032.538 17% 83% 
0.5 M AHA in 0.01 M PU STRIP 
2524-16-70 7.515 45 3129.099 133.892 9310.253 99% 1% 
0.5 M AHA IN 0.01 M RINSE 
2524-16-78 9.591 45 10.3375 145.392 33.400 72% 28% 
0.01 M RINSE 
2524-16-88 12.018 45 3.087 154.087 10.570 32% 68% 
 
Table A14. Raw alpha plate data for second GPEC separation. 
 
  
187 
 
   
152
Eu 
   Peak at 121.78 keV (Marker 244) 
   ROI: 118.41-124.89 keV (Markers 238-250) 
Sample Cum. 
Bed 
Vol. 
Count 
Time 
(s) 
Peak 
Counts 
Activity 
(uCi) 
ROI 
Gross 
Area 
ROI 
Net 
Area 
± Average 
ROI Net 
Area 
(counts) 
Average 
ROI Net 
Area 
(cpm) 
2524-58-Feed-a  600 157 0.0146 415 356 20 426.5 14.2167 
2524-58-Feed-b  600 183 0.0157 438 384 21   
0.01 M HNO3  1800 1 0 29 -4 5   
2524-65-Cond-a  600 2 0 15 -2 4 14.5 0.48333 
2524-65-Cond-b  600 1 0.0002 14 5 3   
4 M RINSE 
2524-16-56-a 3.649 1800 2 0 37 -17 6 -9 -0.3 
2524-16-56-b  1800 1 0 32 -1 6   
0.1 M U STRIP 
2524-16-57-a 3.948 1800 2 0 33 -4 6 -5 -0.16667 
2524-16-57-b  1800 1 0 31 -6 6   
2524-16-58-a 4.234 1800 1 0.0001 42 5 6 5 0.16667 
2524-16-58-b  1800 1 0.0001 33 5 6   
2524-16-59-a 4.579 1800 4 0.0001 42 9 6 4.5 0.15 
2524-16-59-b  1800 5 0 43 0 7   
0.1 M RINSE 
2524-16-60-a 4.816 1800 3 0.0001 36 6 6 6 0.2 
2524-16-60-b  1800 2 0.0001 45 6 7   
2524-16-61-a 5.056 1800 1 0 32 -1 6 2 0.06667 
2524-16-61-b  1800 8 0.0001 44 5 7   
2524-16-62-a 5.473 1800 6 0.0001 51 10 7 10.5 0.35 
2524-16-62-b  1800 4 0.0001 41 11 6   
2524-16-63-a 5.679 1800 36 0.001 117 71 11 75.5 2.51667 
2524-16-63-b  1800 34 0.0011 132 80 11   
2524-16-64-a 5.936 1800 94 0.003 274 218 16 215 7.16667 
2524-16-64-b  1800 93 0.0029 253 212 16   
2524-16-65-a 6.381 1800 289 0.009 752 657 27 659 21.9667 
2524-16-65-b  1800 325 0.009 776 661 28   
2524-16-66-a 6.609 1800 503 0.0143 1189 1048 34 1062 35.4 
2524-16-66-b  1800 516 0.0147 1208 1076 35   
2524-16-67-a 6.839 1800 507 0.0143 1208 1048 35 1109 36.9667 
2524-16-67-b  1800 569 0.016 1337 1170 36   
2524-16-68-a 7.064 1800 489 0.0145 1241 1063 35 1047 34.9 
2524-16-68-b  1800 469 0.0141 1178 1031 34   
2524-16-69-a 7.292 1800 402 0.0121 1035 890 32 924.5 30.8167 
2524-16-69-b  1800 451 0.013 1076 959 33   
 
Table A15. Raw gamma counting data for second GPEC separation.  The region of 
interest was centered about the main gamma peak for europium-152, 121.78 keV. 
  
188 
 
0.5 M AHA in 0.1 M PU STRIP 
2524-16-70-a 7.515 1800 345 0.0099 863 729 29 728 24.2667 
2524-16-70-b  1800 343 0.0099 844 727 29   
2524-16-71-a 7.720 1800 210 0.0061 547 447 23 456 15.2 
2524-16-71-b  1800 216 0.0063 537 465 23   
2524-16-72-a 8.161 1800 90 0.0029 270 216 16 195 6.5 
2524-16-72-b  1800 91 0.0024 226 174 15   
0.5 M AHA in 0.1 M RINSE 
2524-16-73-a 8.367 1800 27 0.001 122 72 11 77 2.56667 
2524-16-73-b  1800 46 0.0011 119 82 11   
2524-16-74-a 8.544 1800 28 0.0006 91 45 9 50.5 1.68333 
2524-16-74-b  1800 30 0.0008 95 56 10   
2524-16-75-a 8.752 1800 14 0 63 17 8 15 0.5 
2524-16-75-b  1800 11 0 50 13 7   
2524-16-76-a 9.137 1800 6 0.0002 40 12 6 10 0.33333 
2524-16-76-b  1800 11 0.0001 56 8 7   
2524-16-77-a 9.349 1800 6 0.0001 47 8 7 7 0.23333 
2524-16-77-b  1800 9 0.0001 52 6 7   
 
Table A15 (continued). Raw gamma counting data for second GPEC separation.  
The region of interest was centered about the main gamma peak for europium-152, 121.78 
keV. 
 
 
